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The quest for humankind’s increased capabilities in gathering information, analyzing data, 
and controlling our surrounding environment is leading to a proliferation of connected 
physical objects that can sense, compute, and communicate.  Conventional classes of 
electronic materials such as metals and semiconductors cannot meet this new demand alone 
due to challenges in scale, and ability to function in new use-environments such as on 
clothing, on skin, and in the human body.   
In this research, 1D biopolymers (silk fibroin, cellulose nanocrystals) and 2D synthetic 
components (functionalized graphenes) are assembled into bio-derived nanocomposite 
papers.  Through post-processing conversion of geometry and surface chemistry at the 
microscale, these biopapers are transformed into a platform for flexible and stretchable 
electronics for diverse applications including stretchable wiring, energy harvesting, energy 
storage, and haptic sensing.  The key to realizing these applications is leveraging the 
intrinsic properties of nanoscale components through the controlled, localized application 
of annealing, cutting, printing and stenciling.  Elements of directed microstructural design 
include patterned voids to generate algorithmic pop-up deformations, partial cuts to inhibit 
metastable buckling, conductive traces to enable sensory circuits, and interdigitated 
electrodes to support double layer capacitance.  The set of techniques and the structure-
property relations explored in this work can serve as a framework for understanding 




CHAPTER 1. Introduction 
1.1 Background 
The extreme environments endured by next-generation devices require robust lightweight 
multifunctional materials to assure success.  For instance, clothing and apparel should not 
only protect against abrasive external forces, but could provide real-time monitoring of the 
wearer’s health, and protect the wearer from noxious environmental agents.1,2  High 
surface-to-volume ratio by nanoscale components also confer exceptional mechanical, 
electrical, thermal and optical properties not seen in traditional bulk materials.  Bio-
nanocomposites are materials interfaced at the nanoscale with bio-derived components, 
and represent an emerging class of sophisticated materials that has potential to meet these 
advanced characteristics.   
One class of bionanocomposites, graphene-based biolaminates, have generated intense 
recent research interest, with many novel materials reported within the past year pushing 
the boundary of strength and toughness in flexible engineering materials.3–9   Materials 
design affords novel, lightweight bionanocomposites that synergistically combine the 
structural and functional capabilities of constituent biotic and abiotic nanoscale 
components.  This array of unique properties offers an opportunity to create devices that 
are not only strong and flexible, but with added functionalities in sensing, actuation, and 





Figure 1.1. Cellulose (A,B) and silk (C,D)-based biocomposites as functional materials.  
A) Nanofibrillar cellulose as a biodegradable platform for flexible electronics.13  B) 
Cellulose-loaded ink printed into biomimetic actuating 3D structures.14 C) Printed silk ink 
loaded with bio-targeting agent undergoing color change upon contact with bacteria.15  D) 
Silks loaded with bio- and chemi-active agents as water-solvated e-beam lithography 
resist.16  (Reproduced from Creative Commons licensed work,13 and with permission from 
copyright holders14–16) 
Publication trends show that interest in composites comprised of bio-derived components 
(silk and cellulose) and graphene components is accelerating.  Figure 1.2 plots the number 
of publications indexed in Elsevier’s citation database with the keywords “composite”, and 
“cellulose”, “graphene” and “silk” respectively.  In 2018, the number of publications on 
graphene composites is expected to exceed 6,500.  However, the majority of research 
interest has focused on the use of bionanocomposites as passive materials for structural 
applications.17–19  These works discuss the nanoscale engineering of component interfaces 
to achieve record-breaking mechanical properties including mechanical strength, yield 
strain, fracture toughness.  However, comparatively few works discuss how to transform 
this new class of nanocomposites into active, functional materials that can leverage their 





Figure 1.2. Number of publications index in Scopus on the topic of “cellulose-”, 
“graphene-” and “silk- composites”.  Number of publications for 2018 is a straight-line 
projection from number of publications on topic as of May 1, 2018.     
 
For instance, high-performance electronics typically utilize semiconducting materials such 
as instance silicon (Si), or III-V systems such as gallium arsenide (GaAs); and are 
integrated into rigid substrates such as copper-clad laminate (CCL).20–22  These materials 
have advantages built upon decades of research and development from the semiconductor 
industry pursuing Moore’s law for products such as integrated circuit components.  Their 
rigidity enables the efficient performance of a task at a fixed form-factor.  However, while 
all materials can be reversibly deformed at small applied strains, the rigid components of 
conventional electronics are prone to brittle fracture or permanent deformation at small 
strains, either of which can lead to device failure.  Next generation pervasive devices such 
as sensors, energy tranducers, and optoelectronic components will require operation under 





1.1.1 Degrees of non-rigidity 
Non-rigid material platforms can refer to a wide range of material classes according to how 
they behave to externally applied stresses (flexible materials, stretchable materials, soft 
materials), and according to the length-scale over which the permitted motion occurs 
(intrinsically non-rigid at material level, structurally non-rigid at macro/micro level).  
Flexible refers to materials and components that can retain functionality after undergoing 
bending, for surviving movement in the position of a hinge or joint.  Stretchable refers to 
materials that can survive applied strains, and by proxy, a level of material robustness that 
also enables survival under compression, twist and complex deformations.  The 
combination of flexibility and stretchability for instance, would enable materials to 
conform into new form factors on substrates ranging from textiles, moving machine 
components, and biological tissue.  Additionally, softness entails materials whose 
deformation would not induce damage to surroundings.  For instance, biological tissues 
such as fat tissue, internal body tissue linings and external body skin having elastic moduli 
of 102, 103 and 105 Pa respectively,23 which is outside the range spanned by conventional 
electronic devices, but rather within the range of fluids, hydrogels and polymers, making 
them an ideal platform for components that interact safely, and comfortably in complement 





1.1.2 Flex and stretch by geometry 
The realization of non-rigid materials for electronics have primarily been driven by two 
types of approaches—1) the transformation of conventional electronic materials (i.e. 
metals, metal oxides, and semiconductors) through structure, and 2) the creation of new 
inherently non-rigid molecular assemblies (i.e. conducting polymers, percolating 
nanomaterials) that are conductive or electronically-active.   
The first type of approach relies upon exploiting design of materials into configurations 
that introduce flexural properties.  For instance, conventional electronic materials such 
such as metals (Cu, Al), metal oxides (ITO) and semiconductors (Si, GaAs) have limited 
bending and stretching tolerance (typically under one percent) in the bulk 3D state.  
However, by reducing one or more dimensions into micro- and nano-scale, the strain of 
bending decreases proportionally.  Consider that in thin “film-on-foil” devices, the strain 
at the top surface film (εtop) is defined by the film and substrate thicknesses (dfilm, dsubstrate) 
and bending radius (R) by the relation: εtop = (dfilm + dsubstrate) / ( 2R ) , whereby strain at 
the edge is directly related to the distance away from the neutral surface.24  The increased 
flexural properties associated with reduced dimensions have been investigated for all 
classes of materials (metals, semiconductors, polymers, ceramics) in the form of 1D 
nanowires,25–28 and in 2D nanomembranes.29–32  Through control over the geometry of 
structurally thin materials, flexion can be engineered into stretch.   
Notably, Rogers et al. pioneered the use of the controlled placement of silicon nanoribbons 
with fixed anchor points onto pre-strained substrates for geometry control, in structures 




and popping up.33–35   However, because these techniques are built upon semiconducting 
materials such as Si, they rely upon complex, multi-step clean-room techniques including 
thinning of the Si substrate by hydrofluoric acid, and masked etching under ultrahigh 
vacuum conditions.  As proof of concept, these wavy structures have been demonstrated 
as wireless skin-mounted antenna, as stretchable mounts of MOSFETs, and as sensors 
mounted in internal body tissue.36–38   
Cuts placed into a thin 2D material, either by lithography or by laser-cutting, also provide 
a structural means to convert flexion into other desired properties such as stretchability and 
controlled buckling by invoking 2D material cutting (kirigami) with 2D material folding 
(origami).39–42  Here, Kotov et al. notably demonstrated the applicability of kirigami 
techniques for the robust engineering mechanical properties in experimental paper and thin 
films material systems by laser cutting.43  Preliminary works have also demonstrated 
simple rectangular kirigami cuts for applications as shape-morphing materials, diffraction 
gratings, and solar trackers.44–47  Due to how recently research has begun on utilizing 
geometry controls, such as through kirigami cutting techniques, the application of these 
techniques to real-world use cases is an emerging area of research interest.  
 
1.1.3 Flex and stretch through molecular assembly 
The capacity to recover from deformations can also arise from design of the material at the 
molecular level.  Rather than geometric deformations through buckles, waves or cuts, these 




and micro-cracks within the material that serve as a mechanical means to enforce recovery 
of deformations.48,49  These extended entanglements and microcracks offer much higher 
recoverable strains than can be accommodated through stretching of crystalline lattice.  
Molecularly stretchable materials such as elastomers can be loaded with active electronic 
materials to form a composite that retain capacity to recover from mechanical 
deformations, and the properties of the active component.  For instance, metal 
nanoparticles,50–52 metal nanowires,53–55 and conjugated polymers56,57 have all been loaded 
into polymer-reinforced stretchable matrices.  Some work has also gone into the chemical 
modification of electronically active molecules.  Typically, these molecules are conjugated 
polymers with rigid backbones that do not permit significant bending or allow formation 
of entanglements.  However, through introduction of modified side-chains and segmented 
back-bones, these molecules become more flexible, and better able to accommodate small 
strains while retaining conductivity or semiconductor properties.58–61   
 
1.2 1D Bio-derived Components  
Novel nanomaterials are often inspired by nature, which offers both the robust building 
blocks and innovative designs that can be leveraged to assemble next-generation functional 
nanomaterials.  Figure 1.3 organizes by row the classes of earth-abundant materials used 
in this research (nanocellulose, silk, graphene oxide), while the columns show the different 






Figure 1.3. Comparison of structure and source of materials used as components in 
biopapers in this research: A) nanocellulose, B) silk fibroin, C) graphene oxide.63,64,66 
(Reproduced with permission from Creative Commons license images, and from copyright 
holders63–65)    
 
1.2.1 Silk Fibroin 
Silk fibers extruded by spiders and the mulberry silkworm (Bombyx mori) have elastic 
moduli that rival the strongest commercial polymers as a consequence of their hierarchical 
organization (Figure 1.1).66  The silk worm cocoon not only protects against predation and 
weather, but also blocks out solar radiation that could be detrimental to the developing 
pupae within.65,67  Many species of plant and animal life produce materials with 
comparably intriguing properties that could be co-opted for applications engineered to meet 
technological needs.   
Natural materials to be explored in the proposed study include naturally sourced silk, and 
cellulose nanomaterials.  These bio-derived materials share favorable characteristics for 
materials processing, including being renewable, biodegradable, biocompatible, highly 




moieties for chemical modification.62  Understanding the mechanisms and design features 
that can yield extraordinary properties in bio-derived polymers such as cellulose, and silk-
based nanocomposites will enable the development of novel composites of bio-derived 
materials that mimic their properties for applications.  Because these composites consist of 
bio-derived materials, they are often capable of degradation, reduced cytotoxicity, and 
enhanced bio-compatibility making them eco-friendly.68–70  However, the ultimate 
realization of their extreme properties usually requires addition of synthetic reinforcing 
components. 
 
1.2.2 Cellulosic Nanomaterials 
Another attractive class of natural materials are nanocelluloses, an abundant, nearly 
inexhaustible natural nanomaterial that can be extracted from  numerous organisms such 
as various plants, bacteria and tunicates.26  Even at low nanocellulose content, these natural 
materials have shown exceptional reinforcement effects in the nanofillers-polymeric 
matrix due to their high tensile strength, anisotropic shape, ease of tuning dispersion, as 
well as their wide array of accessible complementary interfacial interactions facilitated by 
the dense network of surface hydroxyl groups.  For example, the incorporation of only 1 
wt.% cellulose nanofibers into the cellulose coatings results in a two-fold increase in 
Young’s modulus.71  Interestingly, when the concentration of cellulose nanocrystals in the 
nanocomposites exceeds a critical value, a unique self-assembly of 1D rigid cellulose 
nanocrystals can result in spectacular liquid crystalline (LC) organization, possessing the 




The fundamental unit of nanocellulose is a highly crystalized rigid 1D nanostructure with 
diameter of 3 nm, consisting of 5-6 parallel rigid cellulose molecular chains bonded by 
hydrogen bonding.72  This structure provides individual nanocellulose particles with 
excellent mechanical characteristics with elastic modulus as high as 150 GPa, comparable 
to that of Kevlar fibers (Figure 1.4a).73,74  Another notable example of nanocellulose 
nanocomposites is its combination with 2D materials to build up a matrix-free 
bionanocomposites.17   
 
Figure 1.4. Comparison of mechanical properties between (a) layered bionanocomposites, 
and (b) the both natural and artificial materials.75 (Reproduced with permission from 
copyright holder)  
 
Inspired by hierarchical natural nanostructure, various nanocomposites have been 
constructed from 1D nanocellulose and 2D materials with exceptional mechanical 
properties far exceeding natural and synthetic composites both in terms of absolute strength 
values (Figure 1.4a) and in terms of specific (per mass) strength (Figure 1.4b).  
Additionally, this unique combination not only results in the largely enhanced mechanical 
performance, but also significantly benefit other additional functionalities.  For example, 




freeze-casting suspensions of cellulose nanofibres, graphene oxide and sepiolite nanorods.1  
These foams exhibit excellent combustion resistance and exhibit a thermal conductivity of 
15 mW m−1 K−1, superior to conventional polymer-based insulating materials.76  
Additionally, nanocellulose materials possess a low coefficient of thermal expansion of 
5*10-6 K –1 and high optical transmittance (98% at 550 nm)—making these materials 
attractive for flexible transparent electronic devices.77  
Nanocellulose can be isolated from natural hierarchical structural materials such as wood 
and bamboo by different fabrication methods, including acid hydrolysis, mechanical 
treatment and bacterial synthesis.78  These nanocelluloses combine important natural 
materials properties—such as hydrophilicity, broad chemical-modification capacity, 
biodegradability, and biocompatibility—with phenomenon arising from its nanosize-scale 
such as its high aspect ratio (up to several hundreds), high rigidity, and large surface area.  
Nanocellulose materials can be classified into three main categories: cellulose nanocrystals 
(CNC), cellulose nanofibers (CNF) and bacterial nanocellulose (BNC) based on their 
cellulosic source and on the processing conditions.  CNC generally only contains highly 
crystallized nanostructures, while CNF and BNF consists of highly crystalline 
arrangements and slightly perturbed domains referred to as amorphous region, which can 






1.3 2D Synthetic Graphene Components 
1.3.1 Graphene Oxide Flakes 
Graphene oxide (GO) is widely used as a functional derivative for graphene or as a 
precursor for pure graphene due to its bulk quantity availability, as well as its dispersibility 
and processability under aqueous conditions (Table 1-1).79,80  Its single atomic layer 
structure possesses a high density of epoxy and hydroxyl groups across the basal planes 
and carboxyl groups at sheet edges (up to 30% of surface area).64  Graphene oxides have 
been shown to increase the oxygen barrier of composites so it is expected that various 
combinations of modified GO and biopolymers could arise for advanced applications that 
have hitherto largely been limited to passive barrier applications (Table 1-1).81,82  
For instance, the incorporation of graphene oxides increases the tensile strength of 
composite films to several hundred MPas while preserving an elastic modulus around 3 
GPa.83,84  In laminated bionanocomposites, an extremely high elastic modulus of 170 GPa 
and high strength of 650 MPa can be attained--both parameters much higher than any 
values reported for regular GO nanocomposites with only synthetic components.83  
Moreover, graphene-containing nanocomposites show impressive functional properties 
such as tunable (semi-) conductivity, unique photonic/optical transportation, and 
fluorescence quenching.18  Furthermore, recent work has shown remarkably high 




By leveraging the complex surface chemistry of graphene and graphene derivatives, a 
myriad of surface chemical structures can be functionalized to the graphene basal plane or 
plane edge.  In both exfoliated graphene and graphene oxide, π-π stacking (10-50 kJ/mol) 
and van der Waals interactions (0.5-5 kJ/mol) can serve as driving forces for the 
nonconvalent conjugation with molecules, nanoparticles, and polymers, especially those 
with extended π-conjugated systems and strong hydrophobic character.85,86  The abundance 
of hydroxyl and epoxy moieties present in GO sheets open a route to noncovalent 
functionalization by means of ionic dipole interactions (50-200 kJ/mol) and hydrogen 
bonding (12-30 kJ/mol) (Figure 1.5).87  Although these noncovalent interactions leveraged 
for binding graphene derivatives are significantly weaker than individual covalent 
interactions (i.e. carbon single bond dissociation energy is 350 kJ/mol), they are 
reformable, abundant, and do not interrupt the underlying graphene electronic or chemical 
structure (Figure 1.5).  
 
1.3.2 Modified and Functionalized Graphenes 
Graphene derivatives (such graphenes, graphene oxides, and their chemically modified 
derivatives) are considered among the most promising synthetic components for 
nanocomposites (Table 1-1).  Graphene-containing bionanocomposites can be modified 
and tuned for specific applications, and possess enhanced robustness, strength, enhanced 
tunable conductivity, and tunable transport/barrier properties.  Many of these materials 




conductivity) and have been utilized as actuating elements for artificial muscles or as 
mechanical enhancing elements with antimicrobial properties.88,89 
 
Table 1-1.  Recently report graphene composites with other bio-derived materials.  
 
The diversity and abundance of strategies available for functionalizing graphene 
derivatives means that there are many accessible surface chemistries for the graphene 
components to interact with its surrounding matrix in graphene-based biocomposites.  
These modifications not only tune the solubility of graphene flakes, but may also impart 
advanced functional properties including tuning band properties by doping,88,93 changing 
surface absorptivity to select molecules,89,94 tuning inter/intra-sheet charge transport,95,96 
modifying bio-response,97 modifying single-sheet mechanical properties,98 modifying 
sheet lubricity,99,100 and serving as handle for decoration of GO flakes with functional 
components such as metal nanoparticles, quantum dots, aptamers and antibodies.87,101 A 
few studies also demonstrate that through sequential application of two or more 
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graphene oxide flakes.102–104  This recent explosion in development of novel chemical 
strategies for functionalizing graphene derivatives opens up extensive opportunities for the 
utilization of these novel functional graphenes as a constituent component in natural 
polymer composites-- not only for structural applications, but also for functional 
applications such as in sensing and actuation (Figure 1.5).105–111,111–131    
 
 
Figure 1.5.  A highly diverse set of non-covalent and covalent routes toward 
functionalizing graphene derivatives along the sheet edge and basal plane. Illustrations are 
modified from recent review on graphene functionalization.91  
 
To date, graphenes have been implemented in a variety of sensing, biosensing, and 
actuation applications.  However, these works have been primarily limited to the 
application of pristine graphenes, and not the diverse gamut of functional graphenes, or 
their composites with the diverse bio-derived materials.133–135  Functional graphenes can 
have tunable basal plane stiffness, variable conductivity, and can act as platform to support 
decoration by ligands, polymers, and bio-targeting agents that enable additional response 




or presence of targeted molecules.  The confluence of emerging properties that could be 
incorporated into graphene sheets via facile synthetic processing (i.e. physical entrapment, 
covalent and non-covalent binding) (Figure 1.5), opens the possibility of implementing 
functionalized graphenes in a variety of sensing, biosensing, and actuation applications 
rarely explored to date.87  
 
1.4 Processing Nanocomposite Biopapers 
To assemble the component materials into robust, strong biocomposite papers, two classes 
of methods will be used: layer-by-layer (LbL) assembly, and one-pot assembly approaches 
(Figure 1.6).136–138  Subsequently, printing and cutting processes will be invoked to 
generate additional functionalities in the biopapers.  
 
1.4.1 Assembly of Nanocomposite Biopapers 
The LbL technique allows for the placement of selected components with nanoscale 
precision within multilayered matrices which can be released to a free-standing state for 
further investigation or post-processing.  LbL shows diversity in substrate materials, 
capable of assembling components via spin-coating and spray-coating on diverse substrates 





Figure 1.6.  Assembly of organized bionanocomposites by A) layer-by-layer methods,139 
and B) one-pot assembly.140,141   
 
An alternative path to biocomposite materials is via a one-pot directed assembly mixing.  
This method overcomes major obstacles for developing laminated structures such as cost, 
and time, allowing for the realization of nanocomposites with high efficiency and on a 
large scale (Figure 1.6).   This method affords improved solubility and compatibility of the 
bio-derived constituents and inorganic materials and, therefore, may result in highly 
homogeneous materials, a critical challenge in the case of conventional LbL assemblies.   
On the other hand, it gives an opportunity to obtain well-defined and stratified films with 
precisely designed laminated morphology, structure, and composition at the nanoscale 
level, which cannot be accomplished when casting solution mixtures.  The bioderived and 
synthetic components used in this research will be co-dispersed and assembled by vacuum-
assisted filtration over a nanoporous membrane or by Meyer rod casting to yield layered 




exploited to assemble freely standing films of variable thickness (from 100 nm to 50 
μm).142–144   
 
1.4.2 Post-Processing of Nanocomposite Biopapers 
The generation of anisotropic stresses in multicomponent layered composite materials also 
enable designs for actuating and sensing elements.145–148  In graphene-derivatives, internal 
stresses can be generated via selective anisotropic surface treatment of graphene 
composite, or contact of graphene composite with a material with thermal/solvent triggered 
expansion.  Existing methods of patterning of graphene oxide nanocomposites for these 
purposes can be divide into mask based pattern techniques (e.g. lithography), and direct-
pattern techniques (e.g. printing or write process).141,149,150  Recent works have demonstrate 
laser-triggered graphene fibers actuators,145 ionic strength triggered actuation of laser-
scribed pristine graphene oxide films,146 and electric-field triggered actuation of graphene-
silver nanoparticle composites.147   
While these reports demonstrate the potential of graphene-based materials in actuation and 
sensing devices, there is a dearth of graphene-natural polymer composites for such 
applications.  Unlike pristine graphene-based materials, graphene biocomposites have 
added functionalities induced by biopolymers, including the possibility of assembly under 
ambient temperature and pressure conditions without requiring toxic reagents.  Also, 




complex patterns.148,151 Such techniques can progress the implementation of graphene 
composites in solar cells, sensors, circuit boards, transistors, and LEDs.  
In our recent study, the mechanisms of GO reduction by aluminum and deprotonation of 
GO moieties by humidity were invoked to develop a sensor element that is activated by 
human touch (Figure 1.7).152  Touching the interface between GO and the deposited Al 
coating produces a strong voltage reading on the order of hundreds of millivolts.  This 
setup can resolve very fast (20 Hz) repeated tapping by the human finger.  We found that 
this device design is also specific to touch by a human finger, as the presence of salts 
activate the interfacial reduction of GO and triggers the voltage response.   
 
Figure 1.7.  a) The moisture-injection behavior of a symmetrical GO-Al junction pair as a 
bio-tactile touch sensor. b) Layered microstructure of GO bio-paper beneath GO-Al 





1.4.3 Fabricating 3D and Stretchable Structures  
Large volume top-down fabrication schemes of functional biocomposites have largely been 
confined in two dimensions, whereas three-dimensional shapes enable more complex, 
hierarchical organization of molecules through non-covalent interactions.  The facile 
conversion of 2D bionanocomposites into 3D shapes extends the advanced properties 
designed in 2D films toward associated sensing and actuation applications that can interact 
with the 3D world.  The combination of the ease of 2D fabrication with the functionality 
of 3D structures has rarely been demonstrated to date.  Whereas the processing of bulk 
materials either through casting or extrusion cannot generate micro- or meso-scale 
architecture by design, methods for generating high resolution 3D structures such as 3D 
printing or 3D photo-fabrication techniques are fundamentally serial in nature, and cannot 
produce components in sufficient volumes beyond prototyping or customization 
applications.151,153  To date, there are few approaches capable of converting 2D films into 
organized 3D hierarchical structures (Figure 1.8).33,43,154  Existing strategies are largely 
based on lithographic cutting, then generating interfacial stresses to induce self-folding in 
the material whether through the interface of dissimilar materials, or through transfer of 
stresses along pre-defined points of contact.   
 
External stresses can also be applied to the material to induce deformations to 
accommodate differential interfacial stresses distributions.  For instance, Rogers et al. use 
lithography to generate kirigami cuts in an ultrathin silicon structure in the shape of 
serpentine twists, pinned to an elastomeric substrate at select anchor points.  Compression 




dimension.  Kotov et al. employ lithography to generate cuts into graphene films, whereby 
deformation induces folding of the 2D film in the z-dimension.43  Hu et al. also demonstrate 
using the solidification of water in GO hydrogels to induce the formation of a highly porous 
cellular structure formed by 2D graphene flakes.150  The 2D architecture is well defined by 
the crystallization in the GO solution prior to freeze drying with the porous 3D structure 
withstanding high compressive strains.   
 
  
Figure 1.8.  A) External source of stress inducing the extension of 2D structure into third 
dimension.  B) Serpentine thin silicon patterns on strained elastomer. C) Lithography 
generated kirigami for stretchable graphene films.    
We suggest that exciting recent advances, particularly in the areas of refining, 
functionalizing and assembling nano-scale 1D bio-derived components and 2D graphenes, 
will lead to the design of next-generation bionanocomposites aimed on application spaces 
beyond simple structural or passive applications.  Accelerating development of these 
nanomaterials for multifunctional structural, sensing, barrier, and energy transduction 
applications requires developing a deep understanding of interfacial interactions between 
nanoscale components, and how sophisticated assembly techniques can guide synergistic 




CHAPTER 2. Research Design and Objectives 
The overarching goal of my research is to establish the chemical and physical manipulation 
of layered bionanocomposite systems, or biopapers, localized across micro length scales.  
Controlling layered material behavior at this length scale is key to leveraging the unique 
properties arising from nano-scale interactions to produce effects at human-centered length 
scales (Figure 2.1).  Whereas miniaturized devices for ubiquitous sensing, energy storage, 
and system components have traditionally been fabricated from hard materials with a fixed 
form-factor, and assembled from relatively rare or toxic components (i.e. metals, 
semiconductors)—layered nanocomposites is a new class of materials that harness the 
inherent exceptional flexibility, mechanical strength, mechanical robustness and chemical 
stability of its polymeric components.   
 
Figure 2.1.  A systems approach for the rational design of hierarchically structured 






Previous published works in the field of bionanocomposites control final composite 
properties through a narrow focus on parameters within component processing and 
composite assembly.18,19,155  The major theme of this dissertation is to exploit intrinsic 
properties of the constituent components through micro-patterned post-processing (Figure 
2.1, see ‘composite processing’ column) to generate a host of new emergent properties 
such as stretchability, tunable electronic properties, and tunable mechanical robustness.  
Combining these previously unexplored composite processing parameters yields a gamut 
of new performance properties, and consequently opens these materials for use in new 
application areas of such as for energy harvesting, flexible interconnects, and 
environmental sensing.    
This research theme is realized through the accomplishment of the following specific 
objectives:  
 Introducing functional synthetic components (graphene oxide sheets, graphene 
derivatives) to into nanocomposite biopapers as levers for microstructural control 
over mechanical and electronic properties.  
 Using a combination of assembly and post-processing approaches such as guided 
assembly, large-scale printing, lithographic techniques, and drag-knife cutting to 
fabricate bionanocomposites with well-defined micro- and nanoscale materials 
with patterned electrical conductivity and enhanced mechanical properties.   
 Manipulating GO-SF biopaper surface chemistry through the directed micro-
patterned reduction of the graphene component.  Through parametrizing reduction 
conditions, highly complex reduction patterns can be transferred rapidly onto the 




luster, mechanical strength, and hydrophilicity; and derived properties such as 
double layer capacitance, and energy harvesting capacity.   
 Applying inspiration from kirigami (art of cutting) and origami (art of folding) 
methodologies toward the directed micro-patterned geometry of bionanocomposite 
papers.  This enables the fabrication of constructs capable of functioning under 
extreme mechanical flex and stretch states.  Through kirigami, we realize 
redistributed applied stresses via the generation of patterned cuts using high-
throughput techniques that also enable the transformation of well-defined 2D-
patterned features into complex 3D configurations for prospective applications in 
pop-up electronics.   
 Advancing orthogonal control in bionanocomposite materials over critical 
functional properties such as mechanical robustness, stretchability, and electrical 
conductivity as a base for high fidelity sensing elements and energy storage and 
harvesting devices from nanocomposite biopapers.  
A bionanocomposite model system was used to investigate these objectives.  Two classes 
of 1D biopolymers, polypeptides (i.e. silk fibroin) and polysaccharides (i.e. nanocellulose), 
are assembled with synthetic 2D components (functionalized graphenes) to yield stable, 
robust layered graphene-based biopapers.  These biopapers are judiciously manipulated in 
post-processing steps (annealing, micro-patterned chemistry, and micro-patterned 
geometry), leveraging nanoscale properties to adopt structural and chemical changes at the 
microscale.  Localized and bulk material property changes are investigated by a suite of 




findings are leveraged for proof-of-concept devices and components fabricated into GO 
bionanocomposites.  
The prospective results of this research are to embed powerful new functionalities into 
layered bionanocomposites, beyond applications as passive, structural materials for 
weight/size-reduction.  The work presented here shows how highly localized control over 
structure and chemistry across areal dimensions at the micro-length scale allows for new 
methods to tuning macroscopic properties in bionanocomposites, transforming this class 
of materials into an active material for prospective applications in real-time sensing, energy 
storage, and energy harvesting.   
Preparation of materials components, tools for understanding their fundamental 
organization and properties, and approaches for assembling and processing composites is 






CHAPTER 3. Research Methodology 
3.1 Component Selection and Processing 
3.1.1 Silk Fibroin  
Aqueous suspensions of 50 mg/ml regenerated silk fibroin (SF) will be prepared from the 
cocoon of the Bombyx mori by degumming, dissolving, purification, and dialysis based on 
a procedure described by Kaplan et al.156  Silk cocoons are boiled in an aqueous solution 
of 10-2 M sodium carbonate for 30 min and washed against water to remove the sericin to 
yield SF fibers. SF fibers are dissolved in 9.3 M LiBr at 60°C for 2 hours.  Centrifugation 
was used to separate residual aggregates and impurities from the dissolved SF in 
supernatant.  The dissolved SF is dialyzed (using 3 kDa MWCO dialysis membrane) 
against ultrapure 18.2 MΩ water to yield 2 mg/ml SF.  
 
3.1.2 Nanocellulose Materials 
Aqueous suspensions of cellulose nanomaterials are produced from cellulosic fibers by 
acid hydrolysis (cellulose nanocrystals, CNCs), and homogenization (cellulose nanofibrils, 
CNFs).  The properties of resultant cellulose nanomaterials (CNs) are dependent on 
hydrolysis conditions, time and cellulosic source—with typical CNCs with a diameter of 
5-10 nm, and length of 100-300 nm, and typical CNFs 3-4 nm in diameter, and several 





3.1.3 Graphene Oxide  
Aqueous solutions of 2 mg/ml graphene oxide (GO) is prepared from natural graphite 
powder (325 mesh, 99.999% purity, Alfa Aesar) using a modification of the method 
proposed by Hummers.157  In a typical preparation, graphite flakes (10 g) and sodium 
nitrate (NaNO3, 5 g) are thoroughly mixed with 98% sulfuric acid (H2SO4, 200ml) while 
keeping the mixture temperature at 0°C.  Potassium permanganate (KMnO4, 30 g) is then 
added to the mixture while keeping mixture temperature at 20°C.  The reaction is allowed 
to initiate at 35°C for 30 minutes before adding 500ml of water and bringing the reaction 
vessel to 98°C for 15 min.  1.5-L of water is added to the reaction vessel, lowering the 
temperature and arresting the reactions.  Hydrogen peroxide (H2O2) is titrated dropwise to 
reduce residual permanganate.  GO flakes are purified by cycles of centrifugation and 
washing to yield GO flakes suspended in water at pH 3.  
 
3.2 Bionanocomposite Assembly 
3.2.1 One-pot GO Biopapers by Vacuum Filtration  
One-pot GO biopapers is assembled by vacuum filtration using a method based on Ruoff 
et. al.144  The pH of the GO solution is adjusted to 10 by titration with 1M NaOH.  The pH-
adjusted GO dispersion is added to a bio-derived polymer suspension (i.e. silk fibroin 




and dried via vacuum filtration on an acrylic copolymer membrane filters to yield GO-SF 
films with areal dimensions fixed by the filter and thickness defined by GO-SF volume.   
 
3.2.2 One-pot GO Biopapers by Cast-Drying  
Large-area GO biopapers, easily exceeding hundreds of cm2, can be formed from cast-
drying a GO-biopolymer dispersion onto a fluorinated ethylene polymer (Teflon FEP, 
DuPont) sheet to yield.  Drying is conducted in a humidity chamber (typically 50% RH) to 
slow the rate of drying, and reduce residual stresses arising from dissimilar drying on 
exposed and unexposed surface.  The cast bionanocomposite films are removed from their 
FEP backings to yield large-area, freestanding films across large areas (hundreds of cm2 in 
studies reported here).  
 
3.2.3 Layer-by-Layer GO Biocomposites by Spin-Casting  
Layer-by-layer (LbL) biocomposite films is formed by spin coating alternating layers of 
GO solution and bio-derived polymer onto a silicon wafer-bit coated with a polystyrene 
sacrificial layer based on a method developed in our group.158 For example, 0.2 wt% silk 
fibroin solution can be alternatively spun-cast with a 0.04 wt% GO dispersion to yield 





3.3 Biopaper Post-Processing 
3.3.1 Patterned Reduction of GO Biopaper by Screen Printing  
Localized reduction of GO-based films is produced by printing an aluminum (Al) 
metallization paste (EFX-37, Monocrystal) using a semi-automatic screen printer 
(MPM SPM-V, Speedline Technologies).159  Alternatively, patterned reduction is 
accomplished using a hobbyist setup for low-cost screen printing of GO-SF, and using a 
polyester screen with a laser-cut (Q-switched Nd:Ylf 1047 nm, Resonetics) paper stencil.  
Residual solvent in the Al-patterned GO biopaper is removed by treatment in vacuum oven 
(60 °C, 10 minutes).  The Al-patterned GO biopaper is then be dampened with ultrapure 
water (18.0 MΩ-cm), and sandwiched between PTFE blocks for overnight.  Subsequent 
rinsing under a stream of ultrapure water, then isopropanol, will then remove the patterned 
Al to yield conductive reduced GO features in the negative image of the stencil.   
 
3.3.2 Patterned Reduction of GO Biopaper by Photolithography  
High resolution localized reduction is performed by using a resist-mask patterned via 
photolithography to act as a shadow mask.  Briefly, a resist is spin-coated onto the GO 
biopaper.  The resist is soft baked, exposed through a chrome photomask, hard baked, then 
developed in a solvent that dissolves regions revealing underlying GO biopaper.  An 
electron-beam deposition process is used to bring unmasked regions of the GO biopaper 
into contact with the anodic reducing metal (typically Al).  The GO in contact with the 




hours.  Rinsing away the deposited metal, and dissolving the residual resist yields 
conductive patterns written into the GO biopaper in the negative of the photomask.  
 
3.3.3 Cutting by numerical controlled dragknife 
Micro-structured cuts are made in GO-based bionanocomposites using a two-step water-
vapor plasticization followed by numerical controlled cut by dragknife. Briefly, the GO-
SF biopaper is mounted onto a vinyl substrate release liner (OraCal 651), then placed in a 
~100% RH environment for one hour.  The water-plasticized bionanocomposite is cut by 
a 60° carbide blade from Tormach under computerized numerical xy-control (Silhouette 
CAMEO 3), and manual z-depth control via knife overhang.  Cut structures can form full 
and (mountain- and valley-) partial cuts that enable control over bionanocomposite 
stretching and buckling.   
 
3.4 Characterization 
3.4.1 Atomic Force Microscopy (AFM) 
Topological, phase and nano-scale mechanical properties were bionanocomposites were 
probed using atomic force microscopy (AFM), using the Bruker Dimension ICON and 
Dimension 3000 instruments.  AFM measurements were typically conducted under tapping 




spring constant of 50 N/m, and tip radius of 15 nm as verified by tip reconstruction with 
calibration grating.   
 
3.4.2 Fourier Transform Infrared (FTIR) Spectroscopy 
A Bruker Vertex 70 FTIR was used to study protein secondary structure at 
bionanocomposite interfaces.  The layered bionanocomposite is assembled on top of an 
attenuated total reflectance (ATR) crystal by spin-casting.  Sample layers interact with the 
evanescent wave of the attenuated beam as an IR interferogram, which is transformed by 
software to an IR spectrum.  For silk studies, the spectra from the amide III band (1200-
1300 cm-1) was used due to its insensitivity to ambient humidity conditions.   
 
3.4.3 Confocal Raman Spectroscopy 
A WITec Alpha 300R confocal Raman microscope was used to analyse and map Raman 
signatures from graphene components in bionanocomposites.  In particular, we focused 
mapping the graphene Raman D and G bands to evaluate extent of reduction, damage to 
graphene flake, and carbon hybridization state.  We used a Nd:Yag 514-nm laser at 0.5 
mW was used, taking a 1-second exposure per pixel for mapping measurements, and 30 





3.4.4 X-ray Photoelectron Spectroscopy (XPS)  
Information about elemental composition and chemical state was collected using a Thermo 
Science K-Alpha x-ray photoelectron spectroscopy (XPS) system.  X-ray source spot size 
was selected to be 30-µm to target regions that have patterned and unpatterned reduction 
features.  XPS survey spectra with binding energy up to 1400 eV was collected to compare 
elemental composition.  High-resolution elemental spectra (i.e. C 1s,.) were collected and 
fitted to elucidate elemental chemical states (i.e. C-C, C-H, C-O, O-C=O).  Binding energy 
shifts were normalized against adventitious carbon at 284.4 eV.   
 
3.4.5 Tensile/Compressive Test 
Mechanical properties of macroscopic bionanocomposites were gauged using a Shimadzu 
EZ-SX tester.  A typical biopaper coupon has dimensions 30 mm × 2 mm × 40 µm, and is 
tested under tensile mode at a rate of 0.5 mm/s. The tensile test mode was also used to 
stretch GO-SF biopapers processed by dragknife kirigami for 1D stretch pattern slits, and 
1D stretch slits with controlled buckling by partial cuts.   
 
3.4.6 Bulging Test 
Stress-strain measurements for ultrathin (i.e. <10-µm) membranes were collected using an 




grid (i.e. 50-300 µm gap).  Using a vacuum setup, a force is applied to the membrane.  Film 
bulging toward the vacuum is tracked using a 632.8 nm He-Ne laser setup by 
interferometry.  The central point deflection, d, is obtained by tracking the number of 
interference bright-dark transitions (one transition cycle at 316.4 nm of deflection), and is 
correlated to film strain, whereby ε = 2d2(3r2)-1, whereby ε is film strain, , r is aperture 
radius.  Vacuum pressure is correlated to film stress by the relationship σ = Pr2 (4hd)-1, 
whereby σ is stress and P is vacuum pressure.  
 
3.4.7 Ellipsometry 
Optical and thickness parameters of LbL bionanocomposite films, and single-material 
spin-coated films (i.e. analysis of SF and GO source) was collected and modelled using a 
Woollam M-2000U spectroscopic ellipsometer.  Raw ellipsometry data was fitted using a 
Cauchy model.  
 
3.4.8 Scanning Electron Microscopy (SEM) 
Surface morphology of processed bionanocomposite papers were observed using 
secondary-electron imaging on Hitachi S8230 field-emission SEM operating with voltage 
deceleration due to prevalence of charging on polymeric samples.  Reduced micro-features 
on biopapers exhibit less charging due to movement of collected charges along conductive 





3.4.9 Transmission Electron Microscopy (TEM) 
Transmission electron micrographs were collected using a Hitachi HT7700 TEM.  For 
imaging crack propagation, LbL bionanocomposite films are suspended in a 50-300 µm 
circular-gap TEM grids.  Using the vacuum from mechanical bulging test, the grid-
supported film is ruptured, and imaged on TEM at 80 keV, and objective aperture 4 to 






CHAPTER 4. Enhancing GO-SF biopaper mechanical properties by 
water-vapor annealing 
4.1 Introduction 
We demonstrated that much stronger and robust nacre-like laminated GO (graphene 
oxide)/SF (silk fibroin) nanocomposite membranes can be obtained by selectively tailoring 
the interfacial interactions of “bricks”-GO sheets and “mortar”-silk interlayers via 
controlled facile water vapor annealing.  This annealing has been utilized to relax the 
secondary structure of silk backbones confined between flexible GO sheets, and leads to a 
significant increase in ultimate strength (by up to 41%), Young’s modulus (up to 75%) and 
toughness (up to 45%).  We suggest that silk recrystallization is initiated in the proximity 
to GO surface by the hydrophobic surface regions serving as nucleation sites for -sheet 
domains formation and followed by SF assembly into nanofibrils.  Strong hydrophobic-
hydrophobic interactions between GO layers with SF nanofibrils result in enhanced shear 
strength of layered packing.  The work presented here not only gives the better 
understanding of SF and GO interfacial interactions, but also provides insight on how to 
enhance the mechanical properties for the nacre-mimic nanocomposites by focusing on 
adjusting the delicate interactions of heterogeneous “brick” and adaptive “mortar” 
components. 
Nacre-like materials show distinctive laminated structure with superior mechanical 




result in a layered structure 1000-fold tougher than its constituent components.160–162    
Such extraordinary enhancements to mechanical properties have been attributed to 
nacre’s highly regular brick-and-mortar structure.17,163,164     However, the notion of 
making a nacre-like brick-and-mortar structure seems to be deceptively simple and easy 
to emulate, the fact is that it’s extremely difficult in reality.  Not to mention there are no 
processing techniques capable of generating composites with high mineral content in a 
large scale at present.73   The translation of natural design motifs also requires a deep 
understanding of the mechanical behavior of materials and interfaces in volumes down to 
the nanoscale.89  
Current fabrication methods for nacre-like materials include:   (1) conventional synthetic 
methods adapted for bulk ceramic materials  (2) freezing casting, (3) layer-by-layer (LbL) 
assembly, (4) electrophoretic deposition, (5) flow-assisted mechanical assembly (e.g. 
vacuum filtration)  and (6) chemically-driven self-assembly.167–174  Among these 
techniques, spin-assisted layer-by-layer (SA-LbL) assembly is one that allows for accurate 
control of hierarchical laminated structure with well-defined component packing.75,175   
Precisely tailoring the thickness, size, and surface roughness of each layer allows structural 
control down to the nanoscale and tunable mechanical performance. The optimized 
distribution and dispersion of components result in highly enhanced mechanical 
performance with improved characteristics, which, however, should be improved to 
become highly competitive. 
For further improvement of nacre-like materials, there should be careful consideration on 




“bricks” must be controlled and the interfacial properties of components should be 
matched.   Graphene oxide (GO), a two-dimensional carbon material with rich functional 
groups on its surface, outstanding mechanical properties, high flexibility, and aqueous 
processability, is an excellent ‘‘brick’’ component for fabricating the robust brick-and-
mortar structures.  Graphene/graphene derivatives were combined with different organic 
components composite materials such as dopamine/poly (dopamine),173,174 PVA,164 
chitosan,7 and cellulose.75  On the other hand, silk fibroin (SF), a natural fibrous protein 
derived from silkworm silk with multidomain structure, amphiphilic properties and 
adjustable secondary structures, is not only known to be one of the strongest natural 
biomaterials,   but also could be regarded as a promising candidate for “mortar” in nacre-
like laminated structures.67,176  Several  examples of high performance GO-SF laminated 
materials have been reported to date.  
As these studies clearly demonstrate, carefully engineered interfaces between components 
are crucial in designing organized robust laminated materials.165,177  Not only the organic 
component should be engineered to template the nucleation and growth of the mineral 
phase at the nanometer level, but also, the interfaces in the materials should be designed to 
avoid catastrophic failure at a large scale.17,168,172  However, to the best of our knowledge, 
the focus of current studies on preparing high mechanical performance nanocomposite 
materials is mainly on choosing different brick-and-mortar components without full 
exploration of their matching properties.   Even for some studies that focus on interfaces, 
the emphasis is on utilizing surface chemistry to enhance interfacial adhesion.  Less 
attention is paid to tailoring local and global conformation of flexible backbones in close 




to realize more ordered structure and optimized the interface interaction, thus facilitating 
further enhancement of their mechanical performance. 
In such nanocomposites with biopolymer mortar, water could play a key role to tune the 
soft component.  It can create higher free volume, alternate the intermolecular interactions, 
reduce steric hindrance for movement and reorientation, and promote/hinder local 
crystallization.178  For silk materials, Kaplan et al. conduct temperature-controlled water 
vapor annealing to demonstrate controllable crystallinity.179  Previous work also showed 
the delicate and hierarchical interaction of graphene and SF components.180  For example, 
during the reduction of GO, SF could assemble into nanofibrils and covered whole reduced 
GO sheets.181,182      Thus, we speculate that water vapor annealing could be a promising 
way for further tailoring interfacial interactions of SF with GO in the nanocomposites in a 
broad range.183   
In this work, we explore water vapor annealing as an effective method for achieving 
significant improvement in strength, elastic modulus and toughness in GO/SF 
nanomembranes.  We suggest that through water vapor-initiated annealing, SF 
recrystallization could be induced by hydrophobic surface regions of GO flakes which 
serve as nucleation sites for -sheet formation followed by SF assembly into nanofibrils.  
The well-ordered morphologies of GO layers and SF nanofibrils with high content of -
sheet domains are obtained with higher interfacial interactions between SF and GO 
components.  These changes lead to the concurrent increase in toughness, Young’s 
modulus and ultimate strength.  The work presented here not only gives a better 








The graphene oxide suspension, prepared by Hummer’s method and re-dispersed in 
methanol, remained stable with no visible sedimentation for months.  AFM of one time 
GO deposition by spin coating reveal a GO-layer thickness of 1-2 nm, corresponding to 
the major proportion of single GO sheet with a minor proportion of stacking GO layers 
(Figure 4.1a).  This observation illustrates that GO monolayers in methanol can be easily 
transferred onto a substrate with uniform surface distribution and no aggregation, which is 
the foundation to realize the accurate control of hierarchical structure.    
The thickness and the volume concentration of GO in the nanomembrane could be tuned 
from 9.7% to 53.7% by adjusting the concentration of GO suspension and SF solution (see 
Supporting Information). The thickness growth of GO/SF nanomembrane shows linear 
behavior with repeated deposition of GO and SF components.  The thickness increment 
per bilayer is 5.2 nm.  This value is common for such components which corresponds to 1 
nm thick GO and about 4 nm thick silk layer.  The inset of Figure 4.1b shows an optical 
micrograph of a representative nanomembrane freely suspended on a 300 μm aperture as 
was prepared for bulging testing.  These suspended nanomembranes are flat, uniform, 
freely-standing, do not show cracks, pinholes, or wrinkles can sustain stresses associated 





4.2.1 Water vapor annealing conditions 
Annealing temperature and timing are the main factors to be considered in water vapor 
annealing experiments.  As has been demonstrated, the crystallinity of silk materials 
increases with increasing annealing temperature from room temperature to 95 °C.179  In this 
study, water vapor annealing was conducted at 40 °C, 60 °C and 80 °C which should 
promote steady crystallinity increase (-sheet formation) among the whole crystallinity 
range.  Also, since the kinetics of crystallization by water vapor annealing is not the focus 
in our study, all annealing time are set to be 20 hours to assure full transformation.179  
GO/SF nanomembranes with GO volume concentration of 26.9 % and intermediate 
mechanical characteristics were chosen as the example for illustration of typical changes 
(Figure 4.1). 
As known, bulging test is a common procedure for evaluating mechanical properties for 
films that are too thin for traditional tensile tests.  Figure 4.1c shows the typical stress–
strain curves of the GO/SF nanomembranes derived from the bulging test data in 
accordance with this method.  The residual stress of 20–70 MPa is caused by the shrinkage 
during drying on aperture.184   From typical stress–strain curves, we can conclude 
substantial improvement of mechanical characteristics such as ultimate stress and Young’s 
modulus, with ultimate strain remaining unchanged after annealing (Figure 4.1d).  After 
water vapor annealing at 40 °C, nanomembranes show a 12% increase in ultimate stress 
along with a 20 % increase in Young’s modulus.  After 60 °C, 31% increase in ultimate 




temperature rises to 80 °C, both the ultimate stress and Young’s modulus show no 
significant differences and, as known, long time high temperature treatment may bring 
thermally induced degradation.178,185  Thus, 60 °C annealing was selected for the basis of 
subsequent morphological and mechanical behavior studies. 
 
Figure 4.1.  (a) AFM topographical image of a monolayer GO flakes on silicon wafer, the 
concentration of GO in methanol is 0.75 wt% (z-scale: 5 nm).  (b) Ellipsometry data of the 
thickness of the GO/SF membranes (GO volume concentration of 26.9 %) increases with 
the number of the GO/SF bilayers assembled and the linear fitting curve.  Inset: optical 
image of the membrane suspending on a 300 μm copper aperture.  Mechanical properties 
of the nanocomposite membranes: (c) Representative stress–strain data from bulging tests 
at different annealing temperature; (d) The ultimate stress, ultimate strain and Young’s 






4.3 Results and discussion  
4.3.1 Morphological and mechanical properties of GO/SF nanomembranes  
GO/SF nanomembranes with different GO content from 9.7% to 53.7% were investigated 
water vapor annealing effects.  First, it is worth to note that the thickness of all 
nanomembranes after annealing does not change significantly in comparison with initial 
samples stored at room temperature (Figure 4.2a,b).  All nanomembranes show uniform 
surface morphology across large surface areas without significant aggregation and 
excessive wrinkling.  The root-mean-square (RMS) roughness of GO/SF nanomembrane 
with 10 bilayers is relatively low, 2.6 nm ± 0.3 nm within 5 μm × 5 μm surface area (Figure 
4.2c).  After annealing, the surface morphology of GO/SF nanomembranes stays 
homogeneous as well with RMS roughness remaining unchanged, around 2.4 nm ± 0.2 nm 
(Figure 4.2d). 
However, high-resolution AFM images show some difference in fine surface morphology: 
globular-like SF clusters for the samples before annealing show a trend to aggregate into 
the nanobundles with the common length below 100 nm and further forming SF nanofibrils 






Figure 4.2. (a, b) The thickness evaluation of the GO/SF nanomembrane (GO volume 
concentration of 9.7%, 8 bilayers) before and after annealing with the section profile 
derived from the film edge.  Inset: optical image of the membrane (GO volume 
concentration of 9.7%, 8 bilayers) suspending on a 300 μm aperture before (a) and after 
(b) annealing.  (c, e) Surface morphology of the GO/SF nanomembrane (GO volume 
concentration of 26.9 %, 10 bilayers) before annealing (c, z-scale: 20 nm; e, z-scale: 10 
nm).  (d,f) Surface morphology of the GO/SF nanomembrane (GO volume concentration 






4.3.2 Mechanical properties of GO/SF nanomembranes  
Figure 4.3a shows the stress–strain curves of the GO-SF nanomembranes with different 
GO content acquired before and after annealing.  It should be noted that the GO component 
we used is re-dispersed in methanol for better spreading.  And, as known, methanol can 
induce -sheet secondary structure in contrast to traditional aqueous dispersions.  For direct 
comparison, the SF control sample was prepared by alternatively spin coating SF solution 
and methanol to minimize the difference influenced by different -sheet content of SF 
matrix.  The ultimate stress, Young’s modulus and toughness of purely SF control sample 
are measured to be 120 ± 8 MPa, 13 ± 1 GPa and 1.1 ± 0.1 MJ/m3, respectively.  Further 
addition of GO component resulted in the dramatic rising of the ultimate stress and 
Young’s modulus (Figure 4.3a,b,d).   
The highest value achieved is for the nanomembranes with GO volume concentration of 
53.7%, with ultimate stress of 326 ± 31 MPa, an increase of 170 %; the Young’s modulus 
increases to 95 ± 9 GPa, an increase of 620 %, and the toughness increases to 1.53 MJ/m3, 
an increase of 40 %.  It’s a common trend for composite materials with a good dispersion 
of nanoscale reinforcing components and strong interfacial interactions as was observed 
for many GO-based materials.83,84,186  After water vapor annealing, the mechanical 
characteristics increased further.  The highest values have been achieved for the 
nanomembranes with GO volume concentration of 53.7% after water annealing: ultimate 
stress of 460 ± 65 Mpa, Young’s modulus of 105 ± 10 GPa and toughness of 2.1 ± 0.3 




nanocomposites achieved to date.83,164,173,174,176,183,186 Mechanisms behind this 
reinforcement will be discussed below. 
 
Figure 4.3.  Mechanical properties of the nanomembranes:  (a) Representative stress–strain 
plots from bulging tests for the samples before and after annealing (b–e) GO concentration 
dependence of ultimate stress (b), ultimate strain (c), toughness (d) and Young’s modulus 





Next, there’s little difference between ultimate behavior of before and after annealing, as 
both representative stress–strain curves present a linear elastic region followed by a plastic 
deformation region before fracture.171  The representative edge of the membranes also 
shows obvious pull-out tracks (Figure 4.3f).  Similarly with proteins in natural nacre, SF 
in the nanomembranes works as high performance adhesive, withstand tremendous stresses 
at the interface.168,177  Generally, strong interactions between GO and SF components 
combined with high shear strength of silk layer cause significant improvement of 
mechanical performance.166,187   
The important observation for this study is the fact that water vapor annealing resulted in 
concurrent and significant rise of ultimate stress, Young’s modulus and toughness for the 
whole range of GO content with unchanged ultimate strain (Figure 4.3a-e).  The ultimate 
stress increased between 23% to 41%; the Young’s modulus increased between 11% to 
75%, and the toughness increased between 16% to 45% (Table 4-1).   









SF control - 0 -1% 2% -9% 
GO/SF – 9.7 41% 75% 31% 
GO/SF – 16.2 23% 61% 16% 
GO/SF – 26.9 31% 41% 23% 
GO/SF – 46.3 32% 34% 45% 
GO/SF – 53.7 41% 11% 39% 
Note: 9.7, 16.2, 26.9, 46.3, 53.7% represent the volume concentration of the GO in the 
GO/SF nanomembranes.  Annealing condition: at 60 oC for 20 hours.  
 
It is important to note that for control pure silk nanomembrane, the mechanical properties 




SF films show an increase in ultimate stress and elastic modulus with the decrease of the 
ultimate strain with water vapor annealing.179  In contrast, in the dry state, the best results 
published reveal 43% increase in ultimate stress with 51% decrease in Young’s modulus 
after annealing in water due to small content of -sheets domains.188  Therefore, special 
attention should be paid how the presence of the GO surface might affect the SF annealing 
behavior and resulting mechanical performance.  In the next section, we will discuss how 
water vapor annealing affects the morphology, structure and interactions of GO/SF 
nanomembranes. 
 
4.3.3 Annealing effect on GO and SF bonding interactions 
FTIR spectroscopy is one of the well-established and powerful techniques for 
conformational analysis of polypeptides and proteins including SF materials (Figure 4.1).  
As known, the amide I (1600-1700 cm−1) and amide II (1500-1600 cm−1) bands commonly 
used for analysis of the secondary structure of silk materials are extremely sensitive to 
atmospheric water vapor, so it is difficult to analyze those two amide bands quantitatively 
unless water is completely excluded from the specimen and light path.189  Moreover, 
another problem made it even harder for conventional conformational analysis in our case: 
a sharp peak at 1627 cm-1 corresponding to the vibration of the keto-enol equilibrium   is 
shown in the FT-IR spectrum of GO, that is the same region of -sheet absorption (at 1626 





Figure 4.4.  FTIR spectra and deconvolution of the corresponding amide III band of SF 
control membrane before (a) and after (b) annealing, GO/SF membrane under GO volume 
concentration of 46.3% before (c) and after (d) annealing (Note: circles, original spectrum; 
blue curve, deconvoluted -sheet peak; red curve, deconvoluted random coil peak; black 
curve, simulated spectrum from summed peaks).  
 
On the other hand, as seen in literature,  the less-water sensitive amide III band (1200-1300 
cm−1) can be used alternatively to analyze quantitatively the secondary structure and 
composition of silk fibroin in place of traditional amide I band.192,193  For B. mori silk 
fibroin, the absorption peaks in amide III band are assigned as follows: 1222 cm−1 to β-
sheet, 1242 cm−1 to random coil and/or helical conformation.  Also, GO film shows no 
strong absorption bends in the range of 1200-1300 cm−1 thus making analysis more 
reliable.  Thus, in this study, we consider amide III bands to analyze -sheet content of SF 




that, GO component still shows some absorption with very slightly fluctuation in amide III 
region, which may influence the absolute value of -sheet content to modest extent. 
The analysis of these bands shows that first, as expected, -sheet content of pure silk film 
significantly increased after water vapor annealing (Table 4-2).  For SF control sample 
prepared by spin coating SF solution and methanol, the -sheet content reaches 33.1 ± 0.3 
%, which is naturally higher for SF/GO assembled with methanol treatment (28.8 ± 0.1 %).  
After further water vapor annealing, the -sheet content increased to 36.4 ± 0.4 %, with a 
relative increase of 10% (Table 4-2).    
 
Table 4-2.  The -sheet content in SF and GO/SF nanomembranes before and after 
annealing. 
Sample -sheet content (%) 
/Before annealing 
-sheet content (%) 
/After annealing 
SF control 33.1 ± 0.3 36.4 ± 0.4 
GO/SF – 9.7 37.5 ± 0.3 43.5 ± 0.7 
GO/SF – 26.9 38.1 ± 0.2 44.0 ± 0.8 
GO/SF – 46.3 38.9 ± 0.6 45.2 ± 0.3 
Note: 9.7, 26.9, 46.3% represent the volume concentration of the GO in the GO/SF 
nanomembranes.  Annealing condition: at 60 oC for 20 hours.  
 
Second, for all GO/SF nanomembranes, the -sheet content of silk materials before 
annealing is already high, around 38 % because of methanol affect.  After water vapor 
annealing, the -sheet content reached even higher values, around 44 %, a relative increase 
of 16%.  That is, not only the -sheet content in our GO/SF nanomembranes is higher than 
that in pure SF control sample obtained without methanol treatment, but also the increase 
of -sheet content during annealing is also much higher.  With the -sheet content of 




reasonable to assume that the presence of the GO surface could promote higher content of 
-sheet.  In such a case, it is not only water vapor annealing could increase -sheet content 
of SF, but the interfacial interactions of GO and SF becomes important in relative changes. 
 
4.3.4 Annealing effect on SF backbone ordering of GO layers 
The structures of GO, SF and GO/SF nanomembranes were further investigated by X-ray 
diffraction (XRD) in the low-angle scattering region (Figure 4.5).  The XRD data for pure 
SF film (no GO component) and on the silicon wafer substrate show no diffraction peak in 
this region (Figure 4.5a).  On the other hand, for purely GO film (no silk component) 
prepared by vacuum filtration, the (002) diffraction peak is centered at 2=10.6o, 
corresponding to the interlayer distance (d-spacing) of 0.83 nm.  This corresponds well 





Figure 4.5. (a) XRD patterns of GO and SF, (b-d) XRD patterns of 80-bilayer GO/SF 
nanomembrane under GO volume concentration of 26.9% on silicon wafer and the zoomed 
in area.  
 
To obtain higher signal to noise ratio, we prepared the thicker films with 80 bilayers under 
identical conditions with GO volume concentration of 26.9% (Figure 4.5b-c).  For the 
GO/SF nanomembrane before annealing, the main peak becomes more diffused and is 
centered at 2=5.8o.  Thus, the addition of silk layers between the GO layers resulted in 
dramatic d-spacing increase to 1.46 nm, which is almost doubled initial d-spacing for pure 
GO films.7,186  After annealing, the XRD peak shifts to 2=7.0 o, corresponding to the 




packing of the GO/SF nanomembrane after annealing that can be related to increasing 
content of -sheets as suggested by FTIR analysis discussed above.  Furthermore, the 
Scherrer equation was applied with a shape factor of 0.9 to the (002) reflection for 
evaluating the average thickness of the stacked monolayers.194  These values are similar, 
3.2 nm and 3.6 nm, for the GO/SF nanomembranes before and after annealing that 
correspond to the correlated packing of the 2-3 monolayers of GO sheets, a characteristic 
number for short-range local ordering.   
Next, there’re two relatively weak peaks at smaller scattering region: around 1.6-1.8o and 
1.8-2.1o (Figure 4.5d).  These weak peaks correspond to the d-spacing of around 5.2 nm 
and around 4.6 nm, correspondingly.  Considering that the ellipsometry data shows the 
average thickness of GO-silk bilayer for these films is 5.2 nm, we can assign first peak to 
the total d-spacing of the bilayer packing with the second peak can be probably related to 
the regions with reduced thickness due to the incomplete coverage with GO sheets.  Indeed, 
AFM image shows surface coverage after each GO deposition of about 69%, that indicates 
significant (30%) fraction of surface areas not covered by GO monolayers and corresponds 
well to our previous work (Figure 4.1a).84  
 
4.3.5 Annealing effect on surface binding by SF on GO 
To understand the assembly behavior of SF on GO during annealing, we prepared 
GO/SF/GO films with sandwiched structure (one layer of SF in the middle confined 




a single layer of SF (Figure 4.6a,b, large ridges correspond to GO wrinkles).  As observed, 
silk backbones in GO/SF/GO films before annealing exhibit uniform morphology of 
globular nanoclusters with approximately 1-3 nm in heights, usually observed for silk after 
adsorption (see sections in Figure 4.6).  
As known, SF chains are constituted of alternating hydrophobic and hydrophilic blocks, 
which tend to aggregate into nanoscale clusters without preferential interactions in 
solution.180,195 Generally, further assembly might result in the formation of bundles and 
nanofibrilles. With fast solvent evaporation during spin-coating, SF macromolecules 
attached on the substrate, kept their intrinsic morphology in solution and formed the dense 
SF layer. The surface morphology is comparable with those observed for a SF layer on 
silicon wafer before annealing (Figure 4.7a-c).   
Annealing of single SF layer on a silicon surface at 60 oC resulted in the formation of 
fibrillar network with individual aggregated fibrils of ca. 9 nm height (Figure 4.7d, e).  
However, annealing-related behavior of the GO/SF/GO counterpart is much different.  The 
surface morphology of GO/SF/GO transformed to the much finer networked texture with 
GO wrinkles becoming more developed (Figure 4.6d, e).  SF globular nanoclusters 
assembled into SF nanofibrils with a necklace-like morphology with a height of about 2 
nm (Figure 4.6f), indicating much lower level of molecular aggregation compared with 






Figure 4.6.  AFM surface morphology of the GO-SF-GO films before annealing (a, b) and 






Figure 4.7.  AFM surface morphology of SF layer on a silicon surface before annealing 







Based on the all independent measurements discussed above, we suggest the mechanism 
of enhancement of the mechanical properties of GO/SF nanomembranes upon water vapor 
annealing (Figure 4.8).  
The schematics of the structure of GO/SF nanomembrane before and after annealing is 
illustrated as Figure 4.8c (all parameters are GO volume concentration of 26.9%, see 
Supporting Information for detail).  The average thickness increase after each GO and SF 
deposition is 1.4 nm and 3.8 nm, respectively (Figure 4.8, C1).  The stacked GO layers 
(Figure 4.8, C2) represent 2-3 layers of GO with some SF molecular chains inserted 
according to the XRD results.  Initially, the globular like SF nanoclusters between GO 
layers or on silicon wafer are both mainly constituted of disordered non-crystalline 
domains with a small percentage of -sheet nanocrystal induced by the shearing as well as 





Figure 4.8. Structural changes of the GO/SF nanomembrane under water vapor annealing: 
A-C illustrates the simplified structure of GO sheet, SF chain and GO/SF nanomembrane 
(GO volume concentration of 26.9% as the example).    
 
During the water vapor annealing process, water molecules gradually permeate into silk 
layer acting as a plasticizer and then increasing the mobility of SF chains.178  Thus, the 
unstable SF mesosphase is firstly formed with bound water molecules, containing soluble 
amorphous regions as well as the hydrophobic -sheet nanocrystal regions.  As for single 
layer SF with annealing, the unstable SF mesosphase continue growing based on the 
existed -sheet nanocrystal and transferred into larger 3-D -sheet domains and connecting 
into the necklace-like fiber (as morphology shown in Figure 4.7d,e).  Hence, for annealed 




domains are formed.  However, decreasing crystallite size and increasing degree of 
orientation of crystallites are proved to be more conducive to the strength enhancement of 
silk materials.197,198    Thus, the mechanical prosperities don’t show much difference for SF 
nanomembranes before and after annealing.  
The unstable SF mesosphase transition between GO layers is more interesting. GO surfaces 
with significant fraction of hydrophobic area could provide strong interaction with 
hydrophobic GAGAGS motifs, which promotes silk backbones to further assemble on GO 
layers.180,182  On the other hand, silk backbones are negatively charged in water with the 
zeta-potential of SF solution of -7.6 ± 0.5 mV.  The localized charge densities of the 
hydrophilic, negatively charged oxidized areas of GO surfaces is higher and thus facilitate 
preferential assembling on the hydrophobic regions.199  Confinement of SF chains between 
GO sheets should facilitate nucleation of disordered domains and the formation the -
sheets in nanoscale silk layers (thickness below 4 nm).  In this way, not only SF can directly 
assemble into nanofibrils that strongly clinging to adjacent GO sheets increasing effective 
shear strength (Figure 9) , but also, SF molecular remains low level of molecular 
aggregation that ensures the uniform of the hierarchical structure.199   Thus, well-ordered 
packing of GO layers and SF nanofibrils with more and aligned -sheet domains is formed, 
leads to stronger interfacial interactions. Furthermore, the amorphous region of SF inter-
molecule chain is connected different -sheet domains after annealing, which formed 
continues “bridges” across all the SF layer and even adjacent SF layers.17  Concurrent 
increase in modulus, toughness and strength of GO/SF nanomembranes are achieved by 




In conclusion, stronger and robust nacre-mimic GO/SF nanomembranes can be assembled 
by modifying and enhancing the interfacial interactions between laminated GO “bricks” 
and SF “mortar”.  Water vapor annealing at modest elevated temperature is demonstrated 
to be an efficient way to dramatically improve the mechanical properties of nacre-mimic 
materials.  For GO/SF nanocomposite membranes, water vapor annealing produced a 
simultaneous increase in strength (by up to 41%), Young’s modulus (up to 75%) and 
toughness (up to 45%) via the relaxation of the confined silk backbones.  By investigating 
the reinforcement mechanism of water vapor annealing, we found that water vapor 
annealing increases silk backbone recrystallization induced by hydrophobic surface 
regions of GO sheets with aligned -sheets strongly clinging the GO sheets.  Larger shear 
strength of confined and recrystallized silk layers leads to the concurrent improvement in 
mechanical properties.  The work presented here not only gives the better understanding of 
SF and GO interface interactions, but also provides insight to improving the mechanical 
properties for the nacre-mimic laminated material by focusing on the delicate interaction 
of “bricks” and “mortar” and then further modifying the interfacial morphology by 






CHAPTER 5. Screen Printing-Guided Reduction 
5.1 Introduction 
Novel nacre-mimic bionanocomposites, such as graphene-based laminates, are pushing the 
boundaries of strength and toughness as flexible engineering materials.  Translating these 
material advances to functional flexible electronics requires methods for generating print-
scalable microcircuits (conductive elements surrounded by dielectric elements) into these 
strong, tough, lightweight bionanocomposites.  Here, we present a new paradigm for 
printing flexible electronics by employing facile, eco-friendly seriography to confine the 
reduction of graphene oxide biopapers reinforced by silk interlayers to be strong and 
chemically-resilient.  Well-defined, micro-patterned regions on the biopaper are 
chemically reduced, generating a 106 increase in conductivity (up to 104 S/m) in order to 
facilitate sensing electronic functionalities.  Flexible, robust graphene-silk circuits in 
diverse, prospective applications as resistive moisture sensors and capacitive proximity 
sensors are showcased here.  Unlike electronics generated from the printing conductive 
inks on substrates, seriography-guided reduction does not create mechanically weak 
interfaces between dissimilar materials, and do not require the judicious formulation of 
conductive (i.e. graphene- or Ag nanoparticle-loaded) inks.  We demonstrate the 
unimpaired functionality of printed-in graphene-silk microcircuits after thousands of 
punitive folding cycles, and chemical attack by harsh solvents, hazardous conditions which 
usually ruin existing materials designs.  This novel approach provides a low-cost, portable 
solution for printing micron-scale conductive features uniformly across large areas 




health monitors, functional electronic skin, as well as large-scale rollable antennas and 
conformable displays.   
Next-generation enhancements in human awareness-of and command-over personal 
surroundings follows the development of compliant, mechanically-robust, chemically-
resilient ‘information interfaces’ that integrate seamlessly onto moving surfaces, such as 
clothing or the human body.200  One class of materials, flexible graphene-based composites, 
has been ever-expanding the envelope of the materials universe toward record-breaking 
strength and toughness figures.4–8,18  However, these recent developments have largely 
been limited to engineering composites for passive, structural applications, due to 
challenges in manufacturing well-defined electronic architectures into this new class of 
ultra-robust graphene-based materials.  Here, we report the first print-scalable 
transformation of graphene composite papers to flexible, mechanically-robust microcircuit 
elements by a novel method of patterned graphene reduction as confined by seriography, 
or screen printing.  We showcase the versatility, volume and resolution of this seriography-
guided reduction by printing foldable, flexible device components in nacre-inspired 
graphene-silk layered composites with electrically-based functionalities for the detection 
of environmental signals (resistive humidity sensor), and capture of fine-motor human-
inputs (capacitive proximity sensor).   
Whereas traditional wafer-based devices are heavy, prone to breaking, and confined to their 
as-manufactured form-factor—flexible devices overcome these orthodoxies by enabling 
devices with diverse applications such as displays, energy generation/storage systems, and 




instance, in the rapidly evolving field of bio-interfaced (or skin-mounted) electronics, 
device flexibility opens routes toward the seamless and adaptive detection of fine-motor 
gestures, body health indicators, and environmental threats related to chemical or 
biological warfare.  Integrated human-environment and human-device interfaces will open 
the door to the ubiquitous monitoring, communication and control by individuals of their 
natural and machine surroundings in integrated smart environments.203,204  
Common strategies for introducing flexibility into electronics include fabricating devices 
to be ultra-thin to minimize thickness-dependent strains,205–209 and manipulating device 
geometry (i.e. via kirigami cuts or buckling) to redistribute points of high strain-
concentration.43,210–212  Included in the first strategy are additive printing techniques that, 
while valuable as a fabrication route, require the application and subsequent curing of a 
layer of a judiciously formulated solution comprised of conductive materials (i.e. silver 
nanoparticles, graphene-derivatives), and cannot allow for the clean removal of residual 
ink binders and fillers.213–216  Improper optimization of ink properties or continuous 
printing across large surfaces may result in clogged solutions or unstable drop injection.217  
Moreover, both the minimizing thickness and kirigami cut approaches increase compliance 
come at the precipitous cost of decreasing mechanical strength.  Resultant conductive 
structures cannot resist material rupture for non-stationary applications in the absence of 
external support.  Backing mechanically weak electronic structures onto robust yet flexible 
substrates introduce additional interfaces between dissimilar materials where delamination 
could occur under flexion.  These conventional methods of fabricating and backing flexible 
electronics involve some combination of complex deposition and lithographic techniques 




these ends, there is a need for the facile, rapid and reliable generation of large-area flexible 
electronics in inherently strong, tough and flexible materials.  
In this work, we report a novel seriography-based approach for generating large-area (up 
to hundreds of cm2 in this work) micron-scale conductive features (microcircuits) in 
flexible, strong and tough graphene oxide (GO)-silk fibroin (SF) biocomposite films 
capable of withstanding chemical attack and large bending deformations.  The superior 
mechanical properties of thin (several microns across) GO-SF bionanocomposite films 
(tensile strength 327 MPa, toughness 2.5 MJ/m3) can be attributed to the strong interfacial 
interactions between the constituent GO flexible sheets mediated by a biopolymer glue 
(added 2% silk fibroin by weight).218,219  Furthermore, GO-SF composites exhibit a strong 
resistance to chemical attack and do not undergo water plasticization, properties that carry 
over into the fabricated devices.   
While the printing of graphene-based materials—notably through inkjet nozzles,220–225 
stencils,226,227 and rotogravure228—has always generated extensive research interest, these 
previous methods require distributing graphene flakes uniformly into solvent/stabilizer 
mixtures that have been judiciously formulated for their viscoelastic shear-thinning 
behavior and favorable graphene solubility.  The carbon nanomaterial loading in these inks 
is typically low due to residual stabilizers that cannot be removed during firing and act as 
dielectrics that detriment conductivity in printed microcircuits.  Furthermore, the 
applicability of these previous printing techniques to generating devices in mobile 
applications requires not only the ability to print features onto a robust flexible substrate, 




mismatch in modulus/compliance/expansion, or low interfacial adhesion between the ink 
and substrate could lead to delamination or rupture of conductive features during flexion, 
altering the electronic properties of the printed features.  In these regards, the screen 
printing reduction approach presented here represents the first report of printed-in 
conductive graphene-based features into inherently strong, tough, and flexible biopapers, 
whereby the patterned circuits do not rupture or delaminate under repeated cycles of 
folding, and survive chemical attack under diverse solvent conditions.  
The conversion of insulating GO to highly-conductive rGO often requires high temperature 
annealing, or harsh chemical treatments, and cannot generate patterned rGO features.229–
234  Previously reported methods for generating patterned rGO features are often 
prohibitively cumbersome for large-volume production due to their serial nature, or their 
requisite use of lasers and ultrahigh vacuum tools.235–239  On the contrary, screen printing 
is a cost-effective, print-scalable technique capable of being incorporated into semi-
continuous roll-to-roll (R2R) processes, and is actively used in diverse industrial 
applications ranging from graphic impressions on textiles, to metal contacts for 
photovoltaics.240,140,241,242  Our approach of screen printing a reductant ink on to GO-based 
films allows for the simultaneous application of reductant and patterning of conductive 
features.  Unique among methods for reducing GO, this screen printing-based approach is 
low-cost, print-scalable, and capable of generating microscale flexible conductive features 
across large-areas.  Here, we show the successful generation of features with a critical 
dimension of 70 µm, and features across an area of 400 cm2.  As a proof of concept of the 




sensing flexible films and show their exceptional sensitivity combined with chemical and 
mechanical stability under harsh conditions that easily destroy traditional materials.   
 
5.2 Methods 
Assembly of GO-SF nanocomposite film. Aqueous suspensions of 50 mg/ml regenerated 
silk fibroin (SF) were prepared from the cocoon of the Bombyx mori by degumming, 
dissolving, purification, and dialysis based on a conventional procedure described by 
Kaplan et al.243   Aqueous solutions of 2 mg/ml graphene oxide (GO) were prepared from 
natural graphite powder (325 mesh, 99.999% purity, Alfa Aesar) using a modification of 
the method proposed by Hummers.244   The pH of the GO solution was adjusted to 10 by 
titration with 1M NaOH.  To the pH 10 GO dispersion was added in the silk fibroin 
suspension at a 98:2 GO:SF weight ratio.  GO-SF dispersions were mixed by stirring and 
remained stable for over one week.  The GO-SF dispersion was dried by vacuum filtration 
on a 0.2 µm acrylic copolymer membrane filter (Versapor 200, Pall) to yield GO-SF films 
with areal dimensions fixed by the filter and thickness defined by GO-SF volume.  GO-SF 
dispersion was cast-dried on a fluorinated ethylene polymer (Teflon FEP, DuPont) sheet to 
yield large-area GO-SF sheet easily exceeding hundreds of cm2.  The GO-SF films were 
removed from their membrane filter and FEP backings to yield large-area, freestanding 





Micropatterned reduction of GO-SF films by screen printing. High resolution localized 
reduction of GO-based films was produced by printing an aluminum metallization paste 
(EFX-37, Monocrystal) using a semi-automatic screen printer (MPM SPM-V, Speedline 
Technologies) with a 45° passing blade, 1 mm snap-off distance, blade speed of 5 cm/s, 
masked by a purchased wire cloth screen with the designed pattern (500TW front-
contacting, Haver&Boecker).  The hobbyist setup for low-cost screen printing of GO-SF 
employed a polyester screen (16”x20” 110 monofilament, Speedball) with a laser-cut (Q-
switched Nd:Ylf 1047 nm, Resonetics) paper stencil glued to the side of screen in contact 
with the substrate.  The metallization paste was applied through the screen using a handheld 
squeegee was operated at ~45°, with a ~2 mm snap-off distance, and with a blade speed of 
~25 cm/s.  Residual solvent in the Al-patterned GO-SF was removed by treatment in 
vacuum oven (60 °C, 10 minutes).  The Al-patterned GO-SF was then dampened with 
ultrapure water (18.0 MΩ-cm), and sandwiched between PTFE blocks for overnight.  
Subsequent rinsing under a stream of ultrapure water, then isopropanol, removed the 
patterned Al to yield conductive rGO-SF features in the negative image of the stencil.   
 
Characterization of printed rGO-SF microcircuits.  Screen printed reduction features in 
GO-SF films were imaged using optical microscopy (Leica DM 4000) and low-voltage 
cold field emission SEM (Hitachi SU8230).  Chemical verification of reduction was 
undertaken using Raman spectroscopy mapping (Alpha-WITec 300R, 532nm laser) and X-
ray photoelectron spectroscopy (Thermo Scientific K-alpha).  Conductivity measurements 




tested by placing a screen printed GO-SF strip (50 x 5 x 0.1 mm) along inside of a folding 
hinge for 2000 cycles, ~1 cycle/s at 90° for bending tests and 180° for folding tests.  
 
Characterization of position and humidity sensors.  Time-resolved potential difference 
between capacitive plates were recorded using a potentiostat (VersaSTAT3, Princeton 
Applied Research) using a two-electrode open-circuit configuration.  Conductivity 
measurements were collected using a Keithley 6220 source attached through a 2182 
nanovoltmeter.  Humidity response tests were carried out under ambient laboratory 
conditions (25 °C, 20% RH).  The 97% RH chamber was maintained by a saturated 
solution of K2SO4 (Sigma-Aldrich, >99%).  
 
5.3 Results and Discussion 
5.3.1 Micro-Patterned Reduction by Screen Printing in Biopapers 
Assembly of graphene-silk biocomposite papers. In this approach, first we assemble the 
GO-SF biocomposite substrates from a homogenous mixture of graphene oxide flakes and 
silk fibroin via vacuum-assisted filtration or evaporation-assisted casting.144  Vacuum-
assisted assembly generates GO-SF “paper” with lateral dimensions controlled by the 
diameter of the filter, while cast drying the GO-SF mixture onto PTFE blocks generates 
continuous films with areas easily exceeding 100 cm2 that can be lifted from the substrate 




act as a multifunctional binder to the GO matrix, resulting in a three-fold increase in 
ultimate strength (150 MPa), and ten-fold increase in toughness (2.6 MJm-3) of the GO 
biopaper when compared to pristine (no silk binder) GO paper.219,144  Furthermore, unlike 
pristine GO paper, the GO-SF composite films do not decompose under common solvents 
such as water and isopropanol.  This crucial property allows the reductant ink to be rinsed 
off after the reduction process without compromising the patterned GO-SF film’s 
mechanical integrity.   
 
Screen printing microcircuits across large areas in biopapers.  In this seriography-guided 
reduction (Figure 5.1), a stencil masks the mesh -openings on a screen from the ink (a 
thixotropic aluminum paste capable of reducing the GO component) in the stencil’s 
positive image, preserving the underlying substrate.  During the print step, ink is pressed 
by a fill blade through uncovered mesh openings to bring the aluminum paste into contact 
with the underlying biopaper.  GO in contact with an anodic metal undergoes reduction 





Figure 5.1.  a) Automated screen printer for generating high resolution micro-scale 
conductive features at large volumes (~200 cm2/s).  b) Hobbyist screen printing setup.  c) 
Stencil screen with open mesh on left showing 25 µm mesh openings, and masked mesh 
on right by photoemulsifier.  d) Screen printing process for the micro-patterned reduction 
of graphene-silk biopapers.   
 
Using low-cost, portable craft supplies such as a hobbyist screen printing kit and stencils 
cut in office paper, we can pattern the reductant ink in ambient conditions to produce 
complex geometry conductive micro-features in the GO-SF film such as a “bulls-eye” 
pattern comprising of concentric circles (Figure 5.2a), and 100-µm gaps of insulating 
unreduced GO-SF between strips of conductive reduced GO-SF (Figure 5.2b).  We also 
demonstrate the ability to pattern with high fidelity across large areas by fabricating 
repeated arrays of a motif on 400 cm2 GO-SF drop-cast sheets (Figure 5.2c,d).  Using an 
automated screen printer setup with a high-resolution steel wire cloth screen, we 
demonstrate the ability to pattern higher precision 70-μm conductive fingers and busbars 
in strong and tough GO-SF at the rate of ~300 cm2/s (2400 cm2/pass, ~7.5 passes/minute).  
Crucial to the robustness and reliability of this technique is the screen, which not only 




circles in the “bull’s eye” pattern); and acts as a uniform spacer between the blade and the 
substrate, providing spatial control over ink distribution (Figure 5.2).   
 
Figure 5.2. Large-scale printing of micro-scale features by seriography-guided reduction.  
Optical micrographs of microscale patterns showing a) the corner of a bullseye target 
pattern, and b) 1.5 mm strips with 100 µm unreduced GO-SF gaps.  GO-SF sheets printed 
with conductive d) array of ‘Georgia Tech’ logos and e) array of circles, preserving pattern 





5.3.2 Critical properties of Screen Printed GO-SF biopapers 
Efficient chemical conversion by reductant. The geometry-localized chemical conversion 
of the GO component to conductive rGO by the reductant paste was independently verified 
using X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy mapping.  Figure 
5.3a shows an optical micrograph of well-defined Al busbars and 70-μm fingers screen 
printed onto GO-SF.  Raman mapping of the sample after reduction (Figure 5.3b,d) 
revealed that the regions in contact with the reductant paste exhibited a marked increase in 
the ID/IG ratio from 0.92 to 1.19, where ID corresponds to the areal intensity of the GO D-
band peak centered at 1350 cm-1 and IG corresponds to that of the G-band peak centered at 
1600 cm-1.245,246   
Examination of the Raman point spectra revealed that GO-SF treatment by the reductant 
paste also yields a narrowing of the D-band full width half max.  Both the increase in the 
ID/IG ratio and narrowing of the D-band are observed in GO-SF reduced by hydrazine, are 
in alignment with observations from other GO reduction methods, and suggests the 
introduction of defects to the sp2 structure during the reduction process.245,247  Figure 5.3c 
compares XPS spectra obtained from regions in contact with (inside busbar), and masked 
from (between fingers) the Al reductant.   
From peak fitting the high-resolution scans of the carbon 1s region, we find that regions 
treated with the reductant paste exhibited a decrease in the carbon composition 
participating in bonding with oxygenated moieties (includes C-OH, COOH etc.), and an 
increase in non-oxygenated carbon (includes C-C/C=C) composition from 49.8 to 60.2 




significant increase in C/O atom ratio from 2.4 to 3.6, supporting the fact that treatment of 
GO by the aluminum paste leads to the reduction of GO, increasing the carbon content of 
reductant-treated film by removal of oxygenated functional groups.   
 
Figure 5.3. Spectroscopic evidence for localized GO conversion.  a) Before reduction, 
optical micrograph of Al busbars and 70-µm fingers screen printed onto a GO-SF 
biocomposite film.  b) After reduction, 532-nm laser Raman map of 70-µm wide rGO-SF 
fingers.  The color scale indicates the ID/IG ratio for the spectra collected at each pixel.  c) 
Carbon 1s XPS and d) Raman point spectra comparison of unreduced GO-SF, GO-SF 





The reduction across large-areas was observed to be highly uniform by visual inspection 
of large-area reduced GO biopapers, and by Raman mapping across a 150 × 150 μm2 region 
(Figure 5.3b) showing Raman D/G peak ratio shift well-confined desired patterned 
features.  The uniformity of reduction by this technique was additionally verified through 
comparison of carbon 1s XPS spectra collected from different locations on a large-area 
reduced GO-SF sheet.  
The conversion of GO to rGO by the screen printed aluminum paste was also accompanied 
by a change in visual appearance from dull and black in the untreated GO-SF film, to shiny 
and grey in the reduced areas (Figure 5.2b-e).  Four point probe measurements show that 
the features transformed by the reductant paste exhibited over a six order of magnitude 
increase in in-plane electrical conductivity from 8.7 × 10-3 S/m to 1.1 × 104 S/m 
(Figure 4a)—a dramatic change from an insulator with comparable conductivity to damp 
wood, to a semi-metal with conductivity   exceeding that of doped conductive polymers 
such as PEDOT:PSS.248,249  High resolution XPS spectra in the Al 2p signal region revealed 
the efficient removal of  residual aluminum in the reduced GO-SF composite, confirming 
that the changes in optical and electronic properties are not a result of residual metal from 
the printed features.   
Resilience under folding stresses and chemical attack.  Due to the strong, tough, yet 
flexible nature of the GO-SF substrate, this increased conductivity in printed features is 
retained even after applying large bending stresses.  Figure 5.4b shows the ratio of initial 
to final conductance after bending of a reduced GO-SF wire fabricated along the length of 




bend test apparatus.  We observed that subjecting the patterned GO-SF strip to 2000 
bending-unbending cycles from 0° to 90° (corresponding a bend radius of ~3 mm) led to 
an average 2% decrease in conductance, while 2000 folding-unfolding cycles from 
0° to 180° (corresponding a bend radius of ~0.5 mm) led to an average 5% decrease in 
conductance (Figure 5.4b).  This small change in relative conductance could be attributed 
to rearrangement of constituent rGO flakes in the film, especially expanding along pre-
existing defects.  These minor changes in relative conductivity, within one standard 
deviation in replicates, indicate the high resilience of GO-SF films under large stresses and 
deformation.   
The retention of conductivity after bending and folding cycles in our reduced GO-SF 
circuits is comparable or superior to previously reported flexible conductive materials such 
as conjugated polymer composites,250 Ag nanoparticle-based inks,251 and graphene-based 
inks.252  These tests suggest that gluing GO sheets with a biopolymer binder (such as silk) 
is an efficient path toward protecting the integrity of flexible electronics against dissolution 
and large bending deformations—common conditions faced by devices interfaced on 





Figure 5.4. Conductivity of GO-SF treated by reductant.  a) Graph comparing conductivity 
between GO-SF that is unreduced, reduced by hydrazine vapor, and reduced by screen 
printed Al paste.  Error bar represents 5x standard deviation.   b) Ratio of final to initial 
conductance in screen printed conductive rGO-SF strips across 2000 bending cycles at 90° 
(rbend ≈ 3 mm) and at 180° (rbend ≈ 0.5 mm).   
 
Creases and wrinkles could be observed in samples after the bending tests, but these defects 
do not propagate through the thickness of the film to form tears or rupture within the testing 
conditions here.  Optical microscopy of patterned GO-SF films after folding cycles show 
that direction of crease propagation in films is independent of the direction of patterned 
lines.  Scanning electron microscopy of sectioned GO-SF films before and after folding 
reveal that the layered architecture of the biopaper is able to accommodate folding stresses 




conductive patterns generated on film likely has low stress-concentration effects that would 
weaken the mechanical integrity of the GO-SF.  In addition to displaying high stability 
under folding stresses, the patterned GO-SF films exhibited high stability under agitation 
in common solvents, and under acidic and basic conditions.  In contrast, pristine GO 
without the SF binder (such as traditional “GO paper”) are not stable under agitation in 
water, and susceptible to delamination and visible redissolution.    
 
5.3.3 Foldable, flexible environmental sensors 
Capacitive proximity sensing. To demonstrate the versatility, ease-of-use and potential for 
rapid-prototyping of the screen printing reduction technique, we applied this technique to 
generate graphene-based circuitry in flexible electronics for proximity and humidity 
sensing applications.  Figure 5.4a shows the schematic of a co-planar capacitive 
displacement sensor consisting of conductive rGO-SF (gray in scheme) parallel plates and 
wires separated by the insulating GO-SF (brown) film.  The potential difference between 
the two conductive plates are recorded by a potentiostat using a two electrode open-circuit 
setup.  Moving an external dielectric object (yellow ball) closer to midpoint of the device 
cuts into the electric field built up along the plates, polarizing the charges to generate a 
potential response that was measured to be inversely proportional to the distance between 
the external object and sensor (Figure 5.4b,c).  Typical GO-SF sensors fabricated with 
50 mm × 5 mm coplanar conductive plates were found to have a detection range of ~30 cm 





Figure 5.5. Printed GO-SF capacitive position sensor.  a) Moving a dielectric object 
(yellow circle) closer to or farther from the midpoint of the conductive plates alters the 
distribution of charges supported. b) Recording of raw potential difference between plates 
as the dielectric object is brought closer-to then father-away from the sensor.  c) Potential 
response and log potential response compared to the z-distance.  d) Demonstration of 
controlled response in proximity sensor by fine-motor gestures.  Magnitude of potential 
response corresponds to note pitch; length of potential response corresponds to note 





Controlling the z-position of the dielectric object produces a precise, predictable response 
that was leveraged to generate a representation of the last stanza of the song “Mary had a 
Little Lamb” (Figure 5.4d).  The magnitude of the potential response (small, medium, 
large) corresponds to the pitch of the note (“E”, “D”, and “C” respectively) in the musical 
score.  Attached video file shows a live recording by the GO-SF proximity sensor of the 
motion of a human hand—generating responses by 1) decreasing z-distance between hand 
and sensor (large, medium, small response), 2) increasing z-distance (small, medium, large 
response), and 3) changing z-distance in rapid succession.  We envisage that flexible 
elements for detecting motion, such as the patterned GO-SF demonstrated in this work, 
will play a key role in the intimate integration of next-generation body monitors and control 
interfaces on the human body.  
 
Resisitve moisture sensing. Figure 5.6a shows the schematic of resistive moisture sensors 
printed onto GO-SF film via seriography-guided reduction to a conductive state.  A highly 
conductive reduced wire is fabricated onto GO-SF film with periodic 100 μm dielectric 
GO-SF gaps.  Exposure of unreduced regions to moisture promotes ionic conductivity, 
leading to a steep drop in resistance across the length of the rGO-SF wire.  For instance, 
under ambient temperature (25 °C), moving the screen-printed GO-SF moisture sensor into 
a ~97% RH chamber (maintained under saturated K2SO4) resulted in a nearly two order of 
magnitude decrease in resistance within 3.0 seconds (Figure 5.6b).  Moving the device out 





Figure 5.6.  Printed GO-SF resistive moisture sensor.   a) A conductive reduced wire GO-
SF is separated by 100-µm gaps of insulating unreduced GO-SF with a 1.5 mm periodicity.  
b) Monitoring humidity sensor resistance as a function of humidity for one 3 s exposure to 
97% RH with complete recovery of initial resistance (filled green circles), and for multiple 
3 s exposures to 97% RH (empty blue triangles).  
 
The response time and sensitivity of this micropatterned GO-SF resistive humidity sensor 
is competitive with or better than other recently reported graphene-based humidity 
sensors.253–257  The facile control over rGO-SF geometry by stencil design also affords a 
processing route for manipulating humidity sensor characteristics such as sensitivity and 




the only device design that is self-supporting (not backed on a bulky substrate), and does 
not require the use of elaborate cleanroom based techniques, such as deposition of metal 
contacts or wafer etching.   
Although we showcase two applications—environmental moisture sensor and proximity 
sensor—in this work, we believe that seriography-guided reduction can offer an important 
role in the fabrication flexible, large-area microelectronic systems.  For instance, we 
suggest microelectronics fabricated on strong, tough graphene biopapers can be integrated 
into clothing or comfortably worn on the body.  Flexible GO biopapers can be patterned 
with an array of capacitors for powering body-mounted electronics, and with multiple 
antennas to transmit information to and from body-mounted sensors.    
 
5.4 Conclusion 
This work demonstrates seriography-guided reduction as an affordable, portable, high-
throughput route toward generating functional microcircuits across large-areas in strong, 
tough graphene-silk biopapers.  These films are both mechanically and chemically robust, 
resisting thousands of folding cycles and agitation under varied chemical environments.   
The generalizable mechanism for the conversion of graphene oxide by the printed reductant 
means that this technique can be extended to a broad envelope of present and future 
graphene-based materials, assembled by different methods, enhanced by different binders.  
In contrast to existing fabrication schemes, this approach allows for the direct printing-in 




proximity sensors.  Novel approaches for generating robust, resilient, flexible electronics 
will play a major role in advancing commercial focus beyond conventional wafer-based 
electronics.  We showcase the versatility of seriography-guided reduction through 
microcircuits designed as proof-of-concept environmental sensors and wearable machine 
inputs.  The simultaneous integration of sensory and command interfaces in robust, 
compliant thin film nanocomposites will facilitate the proliferation of ubiquitous, 
pervasive, flexible device components operating under real-world conditions as a part of 





CHAPTER 6. Photolithography-Guided Reduction 
 
6.1 Introduction 
We report for the first time the generation of flexible micro-supercapacitors in a graphene 
oxide-silk layered bionanocomposite.  Generation of micro-patterned electrodes with sub-
micron spatial resolution was accomplished using a novel resist-stenciling technique, 
enabling the transfer of complex microcircuit designs to a graphene oxide-silk layered 
substrate as chemically-reduced features micro-features across wafer-length scales.  Resist-
stenciling can produce micro-patterned reduction features with over 10 times the feature 
density compared to techniques such as laser-scribing or screen printing.  As a proof-of-
concept, resist-stenciling was used to fabricate the first 2D micro-supercapacitors 
integrated into a layered graphene bionanocomposite.  These demonstrated a specific 
capacitance of ~128 F/g, good capacitance retention under charge cycling (87.5% after 
2000 cycles), and repeated mechanical bending (82.2% after 20 cycles).  Resist-stenciling 
leverages tools currently in use by the microelectronics industry to enable the scalable, 
high-resolution conversion of layered nanocomposites into microelectronic circuit, storage 
and sensing elements.  
The world is seeing a proliferation of distributed networks of miniaturized sensors and 
computers.258  Connecting and powering these ubiquitous devices presents new challenges 
not met by current fabrication technologies.  For instance, devices interfaced on clothing, 




are hard and rigid, unable to maintain performance to accommodate bending arising from 
bodily motion.48 Additionally, renewable and readily-available sources of energy 
(including light, wind, wasted energy in body motion, mechanical vibrations, and heat) 
cannot provide constant power, and are also distributed in nature.  One promising avenue 
is the development next-generation energy-storage devices that are flexible to 
accommodate diverse use scenarios; and sufficiently small and low-cost to be ubiquitously 
placed to connect energy harvesters with sensing and computational components.259  
Graphene oxide (GO) is a prospective candidate material for flexible conductors and 
energy storage.  GO can be exfoliated from earth-abundant graphite using solution-scalable 
methods, and can adopt a wide gamut of mechanical and electronic properties via its 
reduction or surface modification.18,260,261  The structure of GO consists of a monolayer 
hexagonal network of sp2 hybridized carbon interspersed with sp3 carbon bearing oxygen-
containing functional groups, with hydroxyl and epoxy groups at the basal plane, and 
carboxy and carbonyl groups at sheet edges.262  The removal of these oxygenated groups 
via reduction processes can produce an increase in conductivity by several orders of 
magnitude (up to 104 S/m in graphene oxide-silk fibroin, GO-SF, composites), opening a 
route toward applications in flexible energy storage.263–265  Much work has also focused on 
the assembly of nanocomposites, whereby GO acts as 2D ‘bricks’ bound by 1D polymeric 
binders to yield nacre-like structures designed for superior mechanical properties, 
including extreme tensile strength (526.7 MPa in GO-chitosan),7 Young’s modulus, 
toughness (13.9 MJ/m3 reduced graphene oxide-silk fibroin, GO-SF),266 and stretchability 
(up to 10.1% in GO-polyvinyl alcohol).267  Synergistic effects arise from confined 




properties in composites otherwise comprised of soft constituent components.19,75,158,268  
However, the investigation of layered graphene composites has been largely confined to 
structural applications,262,269 and only a few publications explored multifunctional 
applications or applications in microelectronic components.270  
Exploration into introducing electrical conductivity into GO via reduction reactions began 
in earnest in the last decade,262 and have yielded a plethora of chemical and physical 
methods.   Chemical methods include reduction of GO by diverse reductants such 
hydrazine,271,272 melamine,273 anodic metals,141,274 ascorbic acid;275 while physical methods 
include reduction by thermal annealing,231,276  electrochemistry,277,278 microwave pulses,234 
and light irradiation.279–281  However, most works focus on the indiscriminate, areal 
reduction of GO.  These methods cannot localize the generation of conductive reduced GO 
features within the critical dimensions required by modern microelectronics, with current 
generation package substrates approaching sub-10-μm line width/space, and image pixels 
of camera phones at 1.5 µm.282–284   
High resolution, patterned reduction of graphene oxide on the single-micron length scale 
have been reported using strategies such as laser scribing,285–287 ion beam conversion,288–
290 or contact by hot probe.239  While these techniques can achieve reduced GO features 
with critical dimensions of approaching 100-μm for laser scribing, 20-nm for ion beam, 
and 12-nm for hot probe, ultimately, they are based on serial techniques that cannot scale 
for high-volume manufacturing across wafer- and panel- sized substrates.  
In this work, we demonstrate the efficient fabrication of a flexible, micro-supercapacitors 




through a novel resist-stenciling technique.  This technique employs photolithography to 
generate a photoresist stencil, coupled with electron beam deposition to localize the 
placement of chemically-reduced features in the bionanocomposite at photolithographic 
length scales—demonstrating micro-structured reduced GO features with sub-micron 
critical dimensions (as small as 0.8-µm).  Our method can be generalized to enable the 
generation of micro-scale electrodes, antennae and interconnects in graphene oxide-based 
composites, opening a route to leverage the incredible breadth of mechanical and electronic 
properties of GO and its derivative films.    
 
6.2 Methods  
Vacuum-assisted layer-by-layer assembly of GO-SF biopapers.  SF binder was extracted 
from the cocoon of the Bombyx mori silkworm in accordance with protocols pioneered by 
Kaplan et. al.291  Briefly, B. mori cocoons were cut and boiled in 0.02 MHa2CO2 for 30 
min, then washed 3 times with ultrapure (18.2 MΩ-cm) water to yield degummed silk 
fibers.  Silk fibers were solubilized in 9.3 M LiBr (at 1:10 wt. ratio of silk fiber to LiBr 
solution) at 60 °C for 2 hours. The solubilized SF was dialyzed against water to yield an 
aqueous stock solution of SF in water at a concentration of 50 mg/ml.  Graphene oxide 
(GO) flakes were exfoliated according to the method of Hummers’ from natural graphite 
powder (325 mesh, Alfa Aesar, USA) and diluted by ultrapure water to 5 mg/ml.79  To the 
GO dispersion was stirred the SF suspension to yield 3% dry weight SF.  The GO-SF was 




vacuum filtration setup to yield GO-SF biopapers with a flat side (filter side), and a rough 
side (air side).   
Fabricating of resist stencil to guide biopaper reduction.  The rough side of the GO-SF 
biopaper was mounted against a glass slide by glue stick.  A patterned phototresist layer 
acts as a stencil to protect regions again reduction. In a typical experiment, negative-tone 
NR9-1500py ((Futurrex, Frankling, NJ, USA) was diluted in cyclohexanone and spin-
coated onto the GO-SF biopaper to yield a 500-nm layer.  The resist was exposed to 365nm 
UV through a chrome photomask (PhotoSciences Inc.) with computer-aided design of 
microelectrode arrays.  The resist was soft-baked and post-exposure baked at reduced 
temperature (80°C), as typical bake temperatures of 150°C was found to cause warping in 
GO-SF biopaper.  Resist was immersion-developed (3:1 RD6/water) to yield stencil pattern 
protecting regions of the GO-SF against subsequent metal-assisted reduction.   
Generation of conductive micro-traces in GO-SF biopapers.  Electrochemical reduction 
of exposed GO-SF was undertaken by using a metal-assisted reduction technique based on 
methods previously reported by our lab.264,265  A 500-nm thick layer of Al, an anodic metal, 
was deposited via E-beam deposition (Mark 50, CHA Industries) onto the resist-stenciled 
GO-SF biopaper.  The Al-coated GO-SF was dampened with ultrapure water (18.2 MΩ-
cm), and clamped between PFTE blocks to undergo reduction for 4-hr, generating a depth 
of reduction feature of 1.2 µm as determined in a previous work.265  The Al-coated GO-SF 
is agitated in acetone to strip the residual resist, and lifting off large regions of coated Al.  




water to yield GO-SF biopapers with micro-patterned conductive regions in the negative 
pattern of the photomask.  
Characterizing reduced features in GO-SF biopapers.  Reduced features on GO-SF 
biopapers were imaged by optical microscopy using a Leica DM 4000, and by low-voltage 
cold field emission scanning electron microscopy (Hitachi SU8230).  Verification of 
chemical reduction was done by X-ray photoelectron spectroscopy (Thermo Scientific K-
alpha), and Raman spectroscopy (Alpha-WiTec Alpha 300R, 532-nm laser).   
Fabricating and characterizing micro-supercapacitors integrated into GO-SF biopaper.  
Conductive features were fabricated in the shape of interdigitated electrode pairs using 
resist stenciling to guide the reduction of GO-SF biopaper.  The reduction patterned 
biopaper was soaked in 6M KOH for 1-hr under vacuum to allow for intercalaction of 
electrolyte.  The electrode busbars were clamped against Pt wires and connected to 
potentiostat (VersaSTAT 3, Princeton Applied Research) for CV characterization at 
different scan rates (10, 50, 100, 200, 500, and 1000 mV/s).  Csp was evaluated by 
voltammetric charge divided by potential window, scan rate and mass of active material.  
Voltammetric charge was determined by sum of integrated area of anodic and cathodic 
sweeps.  The mass of the reduced GO-SF active material was determined by expression: 
active material area × reduction depth × GO-SF density, where reduction depth is 1.16 µm, 
and reduced GO-SF density of 1.8 g/cm3.265  Cyclic bending/unbending was performed by 
mechanical manipulation of patterned GO-SF within a hinge (bend angle 90°, bend radius 






Guiding metal-assisted reduction via photolithography.  Figure 6.1 shows the process 
scheme for generating conductive micro-traces using resist templating.  A typical 
photolithography process is employed to generate a resist-based mask that protects 
selective loci of underlying GO-SF from contacting the reductant.  Using electron-beam 
deposition, an anodic metal such as Al is deposited through the resist mask.  Here, the 
patterned resist acts as a conformal stencil to enable the transfer of the reduction pattern 
onto the underlying layered nanocomposite.  GO-SF in contact with the aluminum 
undergoes controlled reduction as explored in a previous work.265  The E-beam deposition 
of other common deposited metals such as Cu and Ti can also induce reduction, though to 
a lesser extent than by Al as demonstrate in a previous work.152,265  Stripping the residual 
resist and washing the GO-SF biopaper lifts off the deposited Al and reveals reduced, 
conductive features written into the surface of the GO-SF biopaper (Figure 6.2).   
 
 
Figure 6.1 Fabrication of conductive micro-traces in flexible, strong, tough GO-SF 
biopapers via photolithography to guide metal-assisted reduction.  Inset images show from 
left to right, optical micrographs at each step of i) photomask, ii) resist with transferred 
mask pattern, iii) deposition of aluminum reductant, and iv) conductive feature patterned 







Figure 6.2. a) Photograph showing GO-SF biopaper patterned with an array of micro-
supercapacitors.  Optical micrographs of micro-patterned reduced GO-SF by resist 
stenciling in the b) Georgia Tech logo, c) antenna motifs, and d) grating motifs.    
 
The resist-stenciled method for patterned reduction described here is highly compatible 
with common photolithography processes.  Herein, we successfully generated conductive 




Modifications were made (see methods) to avoid baking at high temperatures, which would 
cause warpage of the GO-SF biopaper due to mismatching coefficients of thermal 
expansion between layers and trapped moisture within the GO-SF.  Reducing warpage 
ensured flat contact between the photomask and the resist-coated GO-SF to ensure optimal 
pattern transfer.  The spin-coated resist helped make smooth inherent roughness on the 
surface of the GO-SF biopaper (Rq = 52 nm).  Conformal contact between the resist mask 
and the GO-SF biopaper means the resist stencil acts as a hard stop against the reducing 
agent contacting protected areas.  Other scalable methods of patterned reduction cannot 
ensure conformal contact.  For instance, in shadow masking flash lithography, separation  
between mask and GO-based substrate creates broad drop-off of reducing radiation 
intensity;281 while in stamping, asperities may block contact in surrounding loci to the 
reductant.141  While screen printing can create conformal contact between reductant and 
GO composite surface, the deposited reductant may deform due prior to and during firing 
to fix the reductant paste shape.264   
Characterizing reduction of GO component.  Figure 6.2a shows a photograph of a GO-SF 
biopaper with patterned chemically-reduced features.  Regions of the biopaper that have 
undergone reduction change in visual appearance from the dull and brown characteristic of 
protected GO-SF biopaper to a grey and shiny appearance.262  Figure 6.2b-d shows optical 
micrographs illustrating the wide variety of accessible geometries of conductive features 
that can be formed by the patterned reduction process.  Using a common negative tone 
resist system, we obtained conductive features in the GO-SF with line widths as small as 
800nm.  This critical dimension of conductive features written into the biopapers in this 




top of the GO-SF biopaper.  We expect the critical dimension of stencil features can be 
made even smaller with further optimization of process variables in the exposure, bake and 
development steps.  However, resist stencil features would be unlikely to match reported 
resolution limits on ideal substrates like polished Si, due to the biopaper substrate having 
a higher roughness which interferes with photomask placement during exposure, and lower 
thermal conductivity which may produce suboptimal bake times that affect resist 
development profiles.  
Besides change in visual appearance after guided reduction by resist stencil, Figure 6.3 
shows independent confirmation of chemical conversion by X-ray photoelectron 
spectroscopy (XPS) and Raman spectroscopy analyses.  XPS reveals that the C/O ratio 
increases in regions exposed by the resist stencil to 3.6±0.2, whereas protected regions 
retain the C/O ratio of 2.3±0.1 matching the C/O ratio of the as-prepared biopaper.141  This 
increase in the C/O ratio supports the partial removal of oxygen-containing moieties from 
the surface of GO-SF biopaper exposed by the resist stencil.  The C1s spectra collected 
was deconvoluted into peaks centered around binding energies of 284.7, 286.5, and 288.5 
eV; corresponding to carbon in the chemical states C-C, C-O, and C=O/O-C=O 
respectively. Deconvoluted spectra show that the biopaper protected by the resist stencil 
has a significant fraction of surface carbon in higher binding energy chemical states, 
characteristic of carbon in oxygenated moieties represented in common models of GO.262  
Surface carbon in the biopaper unprotected by the resist stencil shifts toward lower energy 





Figure 6.3.  a) XPS, and b) Raman point spectra showing GO-SF biopaper before (top, 
solid brown line) and after (bottom, hollow grey line) photolithography guided reduction.  
c) Raman mapping of 1350 cm-1 D-band to 1600 cm-1 G-band peak intensity ratio of c) 10-
um lines (optical micrograph overlay on right), d) 800-nm lines, and e) “Buzz” the Georgia 
Tech mascot.   
 
Figure 6.3b shows Raman spectra collected from biopaper points protected and 
unprotected by the resist stencil.  The D and G-bands (centered at 1350 and 1600 cm-1 




by the resist stencil and exposed to the Al metal reductant show a simultaneous decrease 
in D-band width and increase in relative D-band peak intensity from 0.92 to 1.19.  This 
increase in D-to-G band peak intensity is indicative of graphitization associated with GO 
reduction.292  We use this change in relative peak intensity to map the areal extent of 
reduction (Figure 6.3c-e), with lighters colors signifying chemical reduction and 
corresponding to regions exposed by the resist stencil.  Raman mapping reveals that 
features in the resist stencil such as fine 0.8-µm width lines, and curves in complex patterns 
such as in “Buzz” translate into reduced features.  Examination of Raman mapping of line 
patterns (Figure 6.3c, d) also reveal an abrupt transition in peak intensity ratio with a width 
that corresponds with the stencil pattern line width of 10um and 0.8um respectively.  
Integrated micro-supercapacitors on GO-SF biopapers.  We demonstrate the application 
of resist stencil-guided chemical reduction by fabricating integrated, nonflammable micro-
supercapacitors into flexible GO-SF biopapers with enhanced mechanical robustness.  
Interdigitated electrode pairs are fabricated across the surface of GO-SF biopapers (Figure 
6.2a), as small as 9*10-4 mm2 in footprint area, and having 2-um interdigitated finger width 
and gap separation.  While pristine GO on its own has properties that promote energy 
storage such as high specific surface area and surface moieties that promote pseudo-
capacitive faradaic reactions, its performance as an active material is limited by low 
electrical conductivity due to the presence of oxygenated moieties that disrupt the sp2 basal 
plane.263,293  While the presence of interspersed SF in GO-SF biopapers promote GO flake 
spacing, it further lowers the conductivity to ~1 × 10-2 S/m.265  On the other hand, metal-
assisted reduction increases electrical conductivity of GO-SF by over 6 orders of 




by micromanipulators across protected GO-SF show negligible integrated area and 
capacitance by CV testing.   
Here, resist stenciling enables the rational placement of micro-structured reduced GO-SF 
features as interdigitated fingers and busbars to facilitate charge collection, and electric 
double layer formation across the large area at the patterned electrode surface and edges.  
We showcase the fabrication of interdigitated microelectrodes with as small as 2-µm 
fingers, and 9*10-4 mm2 footprint.   
Solid state micro - double layer capacitors (EDLCs) were fabricated by swelling the 
produced and patterned GO-SF paper in an aqueous 6M KOH solution to induce ionic 
conductivity and effectively fabricate a silk gel electrolyte. Reduced portions of the paper 
serve as electrodes, while the electronically insulative portion in between the electrodes 
serves as a separator. Using cyclic voltammetry (CV), we investigate the charge storage 
behavior of the micro-patterned GO-SF. 
EDLCs with a rather thick (400 μm width) busbars collecting current from interdigitated 
and still relatively thick (200 μm) width fingers (Figure 6.4a, inset), forming symmetric 
electrodes.  The separator membrane portion was designed to exhibit serpentine shape and 
a relatively large width of 200 μm (Figure 4a, inset).  Note that “regular” commercial 
devices typically utilize thinner (75-50 μm) electrodes and thinner (10-25 μm) separators 
to achieve higher power capabilities. We utilized larger dimensions for simplicity sufficient 





Figure 6.4.  a) Scan rate dependent specific capacitance in 6M KOH of reduced GO-SF 
EDLC shown in inset (scale bar 500 µm).  b) CV profiles of GO-SF EDLC normalized by 
scan rate. c) Charge cycling behavior of GO-SF EDLC.  Inset shows CV profiles from 1st 
cycle through the 2000th cycle.  d) GO-SF EDLC behavior at 100 mV/s under repeated 
mechanical agitation by bending at 90°. e) Simple equivalent circuit model of a EDLC 
device and the effect of changing the solution resistance (RS) or leakage resistance (RL) on 
the cyclic voltammogram profile. 
 
As a control, Pt wires secured with a spacing of 2.4 mm by micromanipulators across 




rate of 10 mV/s, the specific capacitance (Csp) of fabricated devices reach ~130 F/g, which 
is comparable with many reduced GO-based and activated carbon-based electrodes 
reported previously (up to ~150 F/g in aqueous KOH-based gel electrolytes).294–297 
Distortion from the perfect horizontal rectangular shape of an ideal EDLC CV (Figure 
6.4b) might be expected due to large electrode and separator dimensions and the associated 
increased contribution of the electrolyte resistance as well as other factors.298   
Figure 6.4e illustrates the effects of increasing the equivalent series resistance (RS) and 
increasing the leakage current (or decreasing the leakage resistance, RL) on the shape of the 
cyclic voltammogram curve, given a simple equivalent circuit model of an EDLC.  Clearly, 
in the experimental curves, a significant equivalent series resistance is revealed.  Runaway 
electrolyte decomposition at extreme potentials (discussed more below) may be described 
as a form of current leakage current, but cannot be described with a constant resistance RL.  
(Given the large equivalent series resistance and significant current runaway at extreme 
potentials, we do not try to deconvolute the magnitude of any potential difference-
independent/constant leakage resistance.)  More specifically, such distortions may 
generally be associated with (i) kinetic limitations (e.g., insufficiently fast ion transport 
from the bulk of the electrolyte to the graphene surface to form a double layer), particularly 
evident at faster sweep rates; (ii) leakage current (e.g., due to insufficiently high electric 
resistance of the GO-SF composite or parasitic side reactions); (iii) electrolyte 
decomposition (particularly at higher voltages) and (iv) various redox processes (e.g., 
pseudocapacitance reactions).  Reducing electrode/separation layer dimensions by, for 
example, 4 times or more (to approach typical dimensions in commercial EDLCs) should 




of the electrolyte resistance to the slope observed in the CV curves by 4 times.  Based on 
the low electrical conductivity in GO-SF layer, which should be reduced further upon silk 
swelling in the electrolyte we expect that its contribution to the leakage current to be 
insignificant.  The sharp current increase observed at above 0.7V in our symmetric EDLCs 
is associated with water decomposition and is typical for KOH-based aqueous electrolyte 
solutions.295 We do not observe a clear redox peaks within 0.6V. However, this does not 
necessarily mean that the contributions of Faradaic reactions and pseudocapacitance is 
negligible because in many cases the pseudocapacitive materials exhibit very broad CV 
peaks.299  
In order to observe accelerated aging we tested cycle stability of the produced EDLC at a 
relatively high maximum voltage of 1V (compared to 0.6V commonly used in academic 
studies to avoid decomposition of water, electrode drying and formation of micro gas 
bubbles that further reduce access of electrolyte to the inner electrode surface area.  Still 
the observed stability of micro-EDLCs fabricated in GO-SF was quite reasonable. The 
device retained ~88 % after 2000 charge cycles, which is in-line with laboratory-fabricated 
EDLCs with gel electrolytes cycled in a similar voltage range.295  Yet, it is inferior to 
EDLCs based on regular aqueous electrolytes, cycled within a lower voltage window and 
commonly comprising excess of electrolyte, which may show similar capacity retention 
after over 100,000 cycles or more.   
Micro-patterned GO-SF EDLCs also demonstrate high mechanical robustness.  Whereas 
layered composites, such as pristine GO paper, show low wet strength and will swell and 




biopapers in the electrolyte.  This enables the micro-supercapacitors fabricated in GO-SF 
biopapers to undergo repeated 90° bending (bend radius as little as ~1 mm) without tearing.  
CV profiles show that the GO-SF still preserve a large integrated area, retaining 82.2 ± 
7.1% of original capacitance after 10 bending cycles, and 77.0 ± 8.9% capacitance after 20 
bending cycles (Figure 6.4d).  We believe the decreased EDLC performance to arise form 
bending causing closure of pores on the surface of the reduced GO-SF microelectrodes, 
decreasing the total electrode surface and ability to support the electrical double layer.  
However, we note that the capacitance retention is significantly higher for the second set 
and subsequent sets of bending.  This presents a tradeoff whereby the capacitance retention 
during device operation can be tuned high at the expense of rated capacity by ‘priming’ the 
GO-SF micro-supercapacitors via pre-bending.  
Unlike the previously reported macroscopic EDLCs, the flat and flexible micro-EDLCs 
generated by resist-stenciling can readily integrate into miniaturized packages and into 
current generation 2D integrated circuits.  We expect that Csp of GO-SF micro-EDLCs 
could be further increased with optimization of electrolyte, to enhance microelectrode 
double layer coverage; and the inclusion of transition metal oxide nanoparticles (such as 
VOx, CoO, NiO, Fe2O3, RuO2 or MnO2) to enhance contribution from 
pseudocapacitance.263 In the latter example, highly conductive graphene features generated 
by resist-stenciling can enhance the traditionally low conductivity associated with oxide-







We report for the first time the fabrication of sub-micron chemically-reduced features in a 
graphene oxide-silk bionanocomposite.  We accomplish this through guiding the electron-
beam deposition of reductant using a photoresist stencil—generating conductive micro-
pathways in GO with feature density over an order of magnitude higher than previously 
reported techniques such by laser-scribing or screen printing.  Because this novel technique 
for GO reduction leverages common wafer- and panel-level scale techniques in the 
microelectronics industry, it can achieve an unprecedented combination of resolution and 
manufacturing scalability.   
The successful transfer of complex electronic circuits into a layered GO 
bionanocomposites opens the possibility of robust, tough, yet flexible, electronic 
components to be assembled from Earth-abundant, low-embedded energy materials such 
as silkworm silk and graphite.  We showcase here that complex reduction features in GO-
SF in the form of antenna, wire interconnects, and energy storage devices, as flexible 
micro-electric double layer capacitors with high specific capacitance of ~130 F/g.  The 
GO-SF micro-supercapacitors are extremely robust—they do not short-circuit and do retain 
their capacitance even after repeated mechanical bending and charge cycling.  This work 
opens a route for layered nanocomposites to be converted into microelectronic substrates, 







CHAPTER 7. Stretchable biopapers by computerized dragknife for 
pop-up electronics 
7.1 Introduction 
We present a facile, two-step approach that transforms large-area sheets of bio-enabled 
graphene nanocomposite papers into multi-dimensional geometries for pop-up and 
stretchable electronics such as wire interconnects and energy harvesters.  Water-vapor 
annealing facilitates the controlled plasticization of the composite paper, allowing highly 
localized kirigami cuts by programmable drag-knife.  By adjusting drag-knife depth, we 
can generate a micro-scale array of full- and partial-cuts, enabling a purely topological 
approach toward the elimination of metastable fold states in kirigami structures, and the 
precise placement of crack fracture paths.  Through orthogonal control over 
bionanocomposite conductivity, we showcase this biopaper system as a platform for 
prospective soft and shape-transforming electronics.  
 
Modern electronics are largely based on conventional semiconductor components linked 
by noble metal interconnects through multi-stage print and lithographic processes.300  
However, these devices have an environmentally-harmful lifecycle, often involving toxic 
chemicals or high embedded energy in material extraction, material processing and waste 




significant threat to environmental and human health.301,302  Additionally, conventional 
electronic materials have a fixed form-factor and inability to adapt their shape or 
performance in response to the external stimuli.  Devices fabricated from these materials 
are bulky, and often cannot accommodate strains without material failure.   
In order to accommodate large and complex strain scenarios, some research has recently 
focused on using kirigami, the art of paper cutting, to inspire the design of stretchable 
electronic materials.43,46,210,303–306  However, these studies have been primarily limited to 
the processing of a small selection of materials such as silicon, paper, and elastomers by 
binary cutting techniques such as laser cutting,43 masked ion etching,46,307, or macroscopic 
cutting.308  These techniques are limited to generating one type of cut, through the entirety 
of the material, and often only in simple geometries such as rectangular cut-patterns that 
enable simple 1D stretching.   
In this work, we introduce a novel programmable drag-knife approach toward the 
fabrication of kirigami structures of non-traditional graphene papers reinforced with silk 
fibroin (SF) that enables significant 3D strain responses.  Unlike previously reported 
kirigami studies, this approach is the first to afford control over cut pressure, position, depth 
and biocomposite integrity over large areas, opening a route toward the generation of 
complex internal biaxial stress distribution control via a combination of partial-cuts as well 
as through-cuts patterns.  Having partial cut depth control enables the design of preferential 
creasing, programmable directionality for out-of-plane buckling, and pre-defined loci of 
weakness for controlled material failure.  We exploit this art of partial cuts to demonstrate 




suggested here enables the reconfiguration of GO-silk structural and mechanical properties 
at the macro- and meso-scales, while retaining superior properties such as the capacity for 
the GO components to be reduced to yield a highly conductive percolating rGO network 
enabling next-generation reconfigurable bioelectronics by fabricating a GO biopaper 
energy harvester.  
The graphene oxide-silk fibroin (GO-SF) composite system explored in this study have 
been suggested as advanced bio-enabled nanomaterials for various structural and sensory 
applications.19,152,186,309,310  Since the discovery of graphene papers,142,144 their mechanical 
and electronic properties have been greatly refined and expanded through the inclusion of 
composite binders,8,161,311,312 active functional components,313–315 and processing 
control.316,317  For example, we showed that evaporation of water solvent from a Meyer-
bar cast graphene oxide (GO) and silk fibroin (SF) aqueous slurry leaves the GO and SF 
assembled into a robust, nacre-like multilayered composite across large-areas (up to 0.5 x 
0.5 m2 in this work).264  The network of hydrogen bonding formed between moieties on 
GO and SF components assembled in a layered matter are thought to be the origin of 
synergistic strengthening and toughening with ultimate strength of up to 300 MPa, and 
toughness of 2.3 MJ m-3.84   
However, these bionanocomposites have limited processability due to their resulting high 
mechanical robustness after the constituent components form their network of 
intramolecular interactions during solvent removal.  An additional challenge is that as new 
bionanocomposites are developed with prioritized strength or modulus, this often makes 




results in a macroscopic geometry fixed to their as-manufactured form factor as flat sheets 
either in the shape of the filtration funnel for vacuum-assisted filtration, or the container 
for cast-drying.   
 
7.2 Methods 
Fabrication of GO-SF bionanocomposite papers.  The SF binder for the biopapers was 
extracted from the cocoon of the Bombyx mori silkworm in accordance with established 
sericulture protocols.291  The suspended SF was dialyzed against water to yield a stock 
solution concentration of 50 mg/ml.  Graphene oxide (GO) flakes were exfoliated from 
natural graphite powder (325 mesh, Alfa Aesar, USA) using Hummer’s method,79 and 
diluted by ultrapure water (18.2 MΩ-cm) to 5 mg/ml.  The GO dispersion was mixed with 
the silk fibroin suspension by stirring to yield a GO-to-SF weight ratio of 50:1. The GO-
SF dispersion was cast-dried in a dish lined with fluorinated ethylene polymer (Teflon FEP, 
DuPont), with a typical sheet cast across a 0.5-m by 0.5-m area, with a dry-thickness of 30 
microns.   
Generation of patterned cuts in GO-SF biopapers.  The GO-SF biopaper was mounted 
onto a vinyl substrate (OraCal 651) as a release liner.  The mounted GO-SF biopaper was 
placed in an enclosed chamber with a humidifier (~100% RH, 1 hr) to enable the GO-SF 
for cutting by water plasticization.  The water-plasticized GO-SF biopaper on substrate was 
cut using a drag knife (carbide blade 60° from Tormach) under computerized numerical 




resolution of 10-µm, a typical kerf width of 20-µm, and at speed up to 0.1 m/s.  Each pass 
of cut patterns was designed using a graphics editor (Inkscape), and cut depth controlled 
by blade offset (1.25x thickness for full cuts, 0.75x thickness for partial cuts).   Mountain 
cuts were made by partial cut from the top side of biopaper.  Valley cuts were made by 
partial cuts from the bottom side of the biopaper--made by turning over the biopaper, 
aligning against cut fiducial marks, before making second set of partial cuts.  Mechanical 
characterization was performed using a Shimadzu EZ-SX tester.  Cut interfaces were 
characterized using atomic force microscopy (Bruker, Dimension ICON), and scanning 
electron microscopy (Hitachi SU8230).  
Generation of conductive micro-traces in GO-SF biopapers.  Highly conductive reduced 
GO-SF film was generated from the metal-assisted reduction of GO-SF using previously 
established methods.264,265   For large-area conductive regions, 500-nm thick Al was 
deposited onto the cut GO-SF biopapers via electron beam evaporation (CHA Mark 50, 
CHA Industries).  For patterned conductive traces with features with a critical dimension 
as small as 70-um, an Al metallization paste (EFX-37, Monocrystal) was applied through 
a stencil screen (500TV front-contacting, Haver&Boecker).  The Al-patterned GO-SF was 
dampened with ultrapure water (18.2 MΩ-cm), and clamped between PFTE blocks 
overnight.  Using a stream of water to rinse away the Al yields highly conductive rGO-SF 
biopaper, with highly conductive features. Verification of extent of reduction utilized X-
ray photoelectron spectroscopy (Thermo Scientific K-alpha), and Raman spectroscopy 




Fabrication of single-electrode triboelectric nanogenerator.  A soft PDMS was prepared 
from a weight ratio of 20:1 Sylgard 184 base to curing agent.  A 3-mm thick PDMS base 
layer was cast into a 3-in Petri dish.  Trapped air bubbles were removed by vacuum 
desiccation, and the PDMS mix was soft-cured (80°C oven for 0.5 hr).  A 24-gauge 
(0.51mm) Cu wire was held in contact with the reduced surface of the cut-patterned GO-
SF biopaper, and placed on top of the PDMS base layer.  A 3-mm thick PDMS top layer 
was cast over the rGO-SF biopaper and Cu wire.  Trapped air bubbles were removed by 
vacuum desiccation, and the GO-SF device encapsulated in PDMS was cured (80°C oven 
for 1.5 hr).  The PDMS was cut around the rGO-SF device.  The end of the Cu wire was 
stripped of the PDMS to serve as the current collector.    
 
7.3 Results 
7.3.1 Making kirigami structures by numerical-controlled drag knife.   
To generate intricate cut patterns with critical cut dimensions as small as 20 microns into 
bionanocomposites, we introduce a novel two-part drag-knife kirigami process whereby 
first the biopaper undergoes a water-vapor plasticization, followed by pressure-controlled 
cutting using a computerized numerical control (CNC) drag knife (Figure 7.1a) (see 
Experimental).  In as-cast biographene papers the drag knife plowing leaves visible pull-
out features from the separation of the layered GO-SF materials.  Therefore, for strong and 
tough GO-SF biocomposites to be made amenable to kirigami patterning, the GO-SF sheets 





Figure 7.1. a) Schematic of two-step generation of patterned cuts in biographene 
nanocomposites by drag-knife kirigami.  Array of accessible GO-SF biopaper geometries 
on the human length-scale in the form of b) pop-up box, c) spiral slinky, and d) spinner; e) 
1D stretchable pattern of parallel cuts, and f) 2D stretchable auxetic square cuts.   
 
The intercalated water molecules increase free volume in the composite, creating a 
lubrication effect that facilitates sliding between the component molecules and disrupting 
the hydrogen bonding network, making otherwise strong and brittle materials susceptible 
to controlled localized plastic deformation.318,319  We find that beyond a threshold time of 
water-vapor treatment of 20 min, the drag knife makes perfect cuts without leaving visible 
pull-out features from the separation of GO-SF layers.  After returning the biopaper to 





7.3.2 Controlling GO-silk biopaper cross section through partial cuts.   
In the cutting step, pressure is exerted by the edge of a computer-numerical controlled high-
angle (60°) blade, displacing the water-plasticized GO-silk biopaper to form cut features 
with a mechanical step-resolution of 10-µm (see Experimental).  The controlled out-of-
plane buckling of cut-patterned GO-SF biopapers enables a diverse array of geometries 
(Figure 7.1b-f).  The versatility of accessible design patterns opens a route toward the 
tuning the mechanical properties and shape transformation pattern.  Among successfully 
implemented designs in this study are a 1D stretchable pattern of parallel slits (Figure 
7.1e), a 2D stretchable auxetic sheet, 3D self-supported pop-up cube and helical spring 
(Figure 7.1b, c), a moving 3D pop-up spinner, and a long, flexible conductive wire 
interconnect (Figure 7.3e).  The as-cast GO-SF films are exceptionally strong, with an 
ultimate strength of 140 MPa with large-area sheets showing an average strain at break of 
1.8% and elastic modulus of 7.3 GPa.  With one perpendicular partial cut (10- μm blade 
extension) in a GO-SF biopaper coupon with 2-mm x 40 μm cross section and 20-mm 
gauge length, we see average ultimate strength of 31 MPa, strain at break of 0.91%, elastic 





Figure 7.2. a) Drag-knife making full through-cuts, and partial-cuts in GO-SF biopapers. 
b) Scanning electron micrograph GO-SF biopaper with partial-cuts (scale bar 50μm) tilted 
at 30°. c) Mechanical properties of GO-SF coupons (20 x 4 x 0.04 mm) both as-cast (green, 
solid), and with a single partial cut (blue, dashed) with 10 μm blade extension placed 
perpendicular to axis of tension. d) Schematic showing mountain (M) and valley (V) cuts 
in 1D stretch pattern with stable (-MV-MV-) and unstable (-MV-VM-) partial cuts. e) 
Tensile test of standard 1D stretch pattern with stable (left, -MV-MV-) and unstable (right, 
-MV-VM-) partial cuts.  f) Pre-defined weak points for crack propagation via partial cuts, 
before (top), and after (bottom) application of 2% strain.   
 
The capacity to make partial cuts with a controlled depth through substrate material and 




demonstrations: the facilitation of directional buckling, and for introducing points for 
controlled material failure.  As known, a typical cut pattern for producing uniaxial 
stretching is a series of parallel slits that are aligned perpendicular to the direction of 
stretching.306  As the material is stretched, macroscopic deformations are allowed through 
the buckling of slit flaps out-of-plane.  For a flat film patterned with through cuts in this 
parallel slit arrangement, the direction the slit flap initiates buckling to accommodate 
macroscopic strain is random, arriving at its lowest energy state through geometric 
frustration in processes whose resultant structures are difficult to predict.320  Incorporation 
of the partial cuts suggested here introduces a preferential direction for buckling.  By torque 
equilibrium, a partial cut would induce buckling in the opposing direction.  A partial cut 
from the top surface would result in preferential “mountain” (M) folding, while a partial 
cut from the bottom surface would result in preferential “valley” (V) folding (Figure 7.2d).   
Using two cut motifs introduced above, we designed mountain and valley folds through 
the strategic placement of partial cuts on the top and bottom side of the GO-SF biopaper.  
By positioning M-partial cuts always to one side of V-partial cuts (MV-MV- etc.), we can 
controllably generate a stable arrangement where all the slit-flaps are buckling in the same 
direction (Figure 7.2d,e left).  By switching the order in the middle of the kirigami structure 
(MV-MV-VM-VM), we can create a defined unstable arrangement where the slit-flaps are 
buckling in opposing directions (Figure 7.2d,e right).  Parallel slit sheets with the 
corresponding partial cuts to produce the stable and unstable slit flap arrangements.   
The positioning of partial cuts can also define loci of mechanical failure.  Figure 7.2f 




an applied 2% strain.  The tweezer tip points toward the position of the partial cut in the 
sample before applied strain corresponding well with the position of the emerged crack 
after applied strain.  Finally, controllable placing through partial cuts predetermine the 
crack position and propagation.   
 
7.3.3 Converting drag-knife cut biopapers into highly conductive substrates.  
By using a previously described technique of anodic metal-assisted reduction,265 we 
convert the GO-SF biopaper from insulating GO to highly-conductive reduced graphene 
oxide (rGO)—increasing the conductivity by six orders of magnitude up to 1.2*104 S/m at 
ambient conditions.64,321 Regions of the GO-SF that undergone reduction could be seen by 
visual inspection, changing from black in color and dull in luster, to grey and shiny.  The 
changes in the visual appearance, spectroscopic properties, and electronic properties 
confirm the chemical conversion of the GO-SF biopaper (Figure 7.3).  We note by XPS 
that metal-assisted reduction significantly increases the C-to-O atomic ratio in the biopaper 
from 2.4 to 3.6, and produces a commensurate shift in carbon chemical state away from 
lower oxygen-containing moieties (such as C-OH and CO2H centered at 286 eV) to non-
oxygenated moieties (such as C-C and C=C, centered at 284.5eV), matching observations 





Figure 7.3. a) XPS and b) Raman spectra confirming conversion of GO material to rGO. 
Conductance averaged aross multiple samples to c) applied strain, and d) twist for the 
standard 1D stretch coupon. e) Reduced GO-SF sheet cut by drag-knife kirigami to form 
long conductive trace that can act as flexible, wire-type interconnect. Inset shows rGO-SF 
wire retains conductivity.     
 
Raman spectroscopy also shows characteristic increase in D-band (centered at 1350 cm-1) 
to G-band (centered at 1600 cm-1)  areal ratio from 0.90 to 1.19, and sharpening of the D-
band peak, associated with the reduction of GO.292,321  Changing the extent of reduction 
(through longer reduction time, or more reduction cycles), do not show impact to cut-
patterns and mechanical performance.  The GO-SF biopapers cut with a 1D stretch pattern 




mechanical agitation such as stretching up to 150% and twisting by up to 360° (Figure 
7.3c).  These observations showcase the robustness of drag-knife patterned GO-SF 
biopapers as a platform for circuitry for non-rigid use cases.  
 
7.3.4 Assembling kirigami biopaper into highly stretchable energy harvesters.   
Finally, the cut-patterned rGO-SF biopaper was assembled as a stretchable, touch-activated 
energy harvester (Figure 7.4a). Conventional single-electrode energy harvesters are 
constructed from a metal (Cu, Al) surface supported on a surface.322,323  Due to the 
difference in electron affinity between the rGO-SF energy harvester and a contacting 
surface, such as the skin surface of human fingertips, will produce a charge transfer upon 
contact and release due to through simultaneous processes of contact electrification and 
electrostatic induction.259   
We observed that for the rGO-SF device fabricated here, a keystroke touch by a human 
index finger produces an open-circuit voltage (VOC) and short-circuit current (ISC) of 
approximately 40 V and 15 nA respectively (Figure 7.4b).  This device operates as a 
single-electrode triboelectric nanogenerator, where the rGO-SF biopaper acts as the 
electrode and the PDMS encapsulation layer as one triboelectric material.324,325  Human 





Figure 7.4. a) rGO-SF triboelectric energy harvester in open-circuit and short-circuit 
configurations for measure current and voltage.  b) Assembled rGO-SF energy harvester 
packaged with Cu tape and Cu wire current collectors. c) Voltage and d) current outputs 
from tapping by finger the stretchable rGO-SF energy harvester.   
 
When a tapping finger touches the device, positive and negative triboelectric charges will 
be induced on the surfaces of the skin and PDMS, respectively, due to contact 
electrification.  When the finger leaves the device, the negative charges on PDMS will 
generate a negative potential on the rGO-SF biopaper due to electrostatic induction and 
drive electrons to flow from the rGO-SF biopaper to the ground electrode, inducing an 
electrical current flowing in the other direction.  As the skin reapproaches the device, 
electrons will flow back to the biopaper and induce a current in the opposite direction. 
When the skin stays on or at a constant distance to the device, the open-circuit output 
voltage will remain relatively stable, corresponding to the close-to-zero values and the high 
plateau respectively, and the short-circuit current will stay as zero.  As the gap distance 
between the skin and device changes, the change in voltage and current pulses are observed.  




or piezoelectric generator, this single-electrode device has the unique advantage of being 
highly stretchable.  Its flexibility also enables facile application on wide range of objects 
and generate electricity with almost any moving object.   
 
7.4 Conclusions  
In conclusion, we demonstrated large-scale drag-knife kirigami graphene biopapers that 
are highly stretchable, mechanically robust, conductive, and capable of dramatic shape 
transformation under strain.  The key to enabling the smooth cutting of the strong, tough 
biopaper is a water-vapor pretreatment that can induce the controlled plasticization 
resulting in a transient soft, drag-knife processible material.  We suggest that this technique 
can extend across the gamut of hydrogen-bonded biomaterials, and especially useful for 
transforming superior nano- and micro-structured bionanocomposites into functional 
meso- and human-scale 2D and 3D form factors.   
A crucial advantage of drag-knife kirigami approach demonstrated here is the capacity to 
reliably generate full and partial-cut patterns that we leverage into generation 1) loci for 
controlled material failure, 2) loci for preferential creasing, and 3) control over folding 
direction.  As the fundamentals and applications of kirigami are further explored, we 
believe these added capabilities will be critical in the facile and controllable generation of 
new kirigami structures including in novel materials with shape transformation.   
Furthermore, we show that the generation of conductive microtraces in GO-SF biopapers 




generated electronic properties.  Drag-knife kirigami increases strain tolerance in the 
bionanocomposite system that has otherwise low strain-at-break, while patterned reduction 
generates a conductive network of microtraces.  Combining the two processing techniques 
produces the stretchable triboelectric nanogenerator in a robust bionanocomposite paper.  
This GO-SF nanogenerator is mechanically reconfigurable, and can be extended into the 
wide array of 1D stretchable, 2D auxetic, and 3D pop-up geometries.   
In summary, we have shown that a combination of water-vapor annealing and drag-knife 
kirigami opens a route toward the generation of a diverse array of stretchable and pop-up 
structures in a GO-SF nanocomposite biopaper.  Through a novel design motif of partial 
cuts, we demonstrate unprecedented control over directional buckling for 3D shape 
changing structures and pre-programmed failure position in stretchable biopaper systems.  
The facile and robust generation of full or partial cut patterns will expand the gamut of new 
structures accessible by the art of kirigami and origami.  By combining the versatile human-
scale pop-up and stretchable structures generated in GO biopaper, with the capacity of GO 
to undergo reduction to yield highly conductive rGO, we showcase GO-SF as a prospective 
platform for next-generation soft electronics as flexible interconnects, and stretchable 







CHAPTER 8. Discussion / Conclusion 
8.1 General Conclusions 
This work advances the understanding of how precise, patterned changes to morphology 
and surface chemistry occurring at the micro- length scale in layered bionanocomposites 
can give rise to emergent material properties.  While recent research trends have seen the 
proliferation of layered composites comprised of 1D and 2D, bio-derived and active-
synthetic components, the obsession on purely focusing on materials assembly to elevate 
specific material properties such as strength and toughness may miss a host of prospective 
applications for newly developed bionanocomposites.   
Through the application of a small set of facile, orthogonal post-processing that is applied 
to graphene-silk biopapers, we engineer the localized mechanical strains, molecular-scale 
component interactions, and surface presence of functional groups.  These directed 
modifications create new properties based in flexible, robust bionanocomposite papers 
such as increased conductivity, stretchability, energy storage capacity, energy harvesting 





Figure 8.1.  Summary of approach of this dissertation toward understanding and expanding 
new material properties arising from the directed microstructural processing of layered 
graphene-biopolymer bionanocomposites.    
 
We showcase that post-processing transformation of bionanocomposites include the 
transformation of protein secondary structure to induce mechanical property enhancement; 
localization of chemical reduction to generate flexible resistive humidity sensors, 
capacitive haptic sensors, and wafer-scale arrays of electric double-layer capacitors; and 
the localization of geometrical voids to create programmable points of fracture and 
complex, yet algorithmic buckling, which can transform large-area dragknife-cut biopapers 




First, we describe the post-processing transformation of graphene-silk by a facile water-
vapor annealing step.  Temperature-controlled water vapor annealing initiates the β-sheet 
transformation of the SF protein binder along hydrophobic regions in GO basal plane of 
biopapers.  Water vapor acts as a plasticizer, intercalating between GO-SF layers.  
Extended annealing induces transformation of the unstable SF mesophase into larger 3D 
β-sheet domains that increase energy of sliding between GO layers.  This highly localized 
SF rearrangement yields a significant increase in ultimate strength, Young’s modulus, and 
toughness by up to 41%, 75% and 45% respectively—among the highest reported strength 
and toughness for graphene-based nanocomposites.  This work helps build an 
understanding of protein nanocomposites that tune the interaction between components 
after the initial nanocomposite assembly.  Resultant structureas have superior mechanical 
stability and increased resistance to solvation by solvents, enabling aqueous post-
processing without risk of delamination of layered components.   
Next, we report the first print-scalable patterned reduction of a GO nanocomposite paper.  
We found anodic Al particles placed in intimate contact with GO-SF induces a chemical 
reduction of the underlying layer, increasing biopaper conductivity by 6 orders of 
magnitude up to 1.5 × 104 S/m (an order of magnitude higher than doped GaAs).  
Dispersing the Al particles in a thixotropic ink allows the reductant to be localized onto the 
biopapers with a critical dimension of 70-µm through screen printing mesh.  We print 
arrays of reduced GO-SF features across 400-cm2, demonstrating this process to generate 
significantly larger processing volume than previously reported serial reduction techniques 
such as by laser scribing.  Taking advantage of the high electronic conductivity of reduced 




elements into GO-SF biopapers including a resistive humidity sensor, and capacitive 
proximity sensor.  
Our work shows using photolithography to guide the placement of e-beam deposited 
reductant to result in an over two-order of magnitude increase in feature density from 
previously described screen printing and laser scribing techniques.  This novel approach 
enables the fabrication of even sub-micron (800-µm critical dimension) conductive traces 
in insulating GO-SF biopaper.  The high resolution and high fidelity of localized 
conductive features enables the generation of wafer-scale arrays of micro-supercapacitors 
with extremely high capacitance retention in response to flexion (>80% after 20 bending 
cycles).  Conventional active materials for electrochemical capacitors are highly porous to 
accommodate double layer formation across large areas, but cannot typically accommodate 
bending stresses due to disruption of brittle porous structure.  However, the patterned 
micro-supercapacitors integrated onto the surface of GO-SF biopapers is a new paradigm 
for designing ultrathin capacitors that support charge across micro-scale roughness 
generated across thin reduced surface.  This allows for the relatively high capacitance, and 
the superior capacitance retention despite repeated mechanical agitation.   
Finally, we invoke our knowledge of water-vapor effect on biopapers for the controlled 
placement of voids into GO-SF biopapers through numerical controlled dragknife cuts.  
Pursuing this design strategy allows the first time the generation of simultaneous 
microscale areal- and height- controlled cuts in layered bionanocomposites.  Cuts and 
partial cuts into a 2D material create controlled points of weakness that enable otherwise 




Electronic components fabricated into the surface of GO-SF biopapers can adopt the 
mechanical properties of the underlying biopaper.  Such printed GO-SF electronics can 
stretch and pop-up, yielding complex 3D architectures that can serve as a platform for 
conformable electronics on interfaces such as textiles or on the human body.   
 
8.2 Significance and broader impact 
There is a growing trend of connection between people and devices, such as such a 
computers, monitors, and control systems.  By proxy, the increased integration of 
information flow between physical objects and human controllers will enable humans to 
better sense, react, think about, communicate with and control their surroundings—all 
leading to immediate implications in disparate fields including healthcare, automation, 
emergency/disaster relief, and telecommunication.  
Conventional electronic materials such as metals and semiconductors can form high-
performance connections between physical objects and computers in stationary, office-like 
operating conditions.  However, the trend toward pervasive sensing and computing means 
that more connections will need to be made under non-ideal conditions that is beyond the 
reach of current material systems.  For instance, this could be on the curved surface of farm 
products, on the flexible surface of clothing, on the stretchable surface of skin, along sterile 
lining within body tissues.   
The research presented in this dissertation signifies a thrust toward a new class of materials, 




electronics.  Fine control over material properties via micro-scale localization of structure 
and chemistry reveals new properties for biopapers to be used for the first time in sensing, 
energy transduction, electrical interconnects.   
Through engineering of protein ordering in bionanocomposites, key mechanical properties 
such as strength, toughness and modulus can be significantly enhanced to ensure material 
survival under more mechanical agitation.   Programmable geometry into 
bionanocomposites through micropatterned full- and partial- cuts enables an additional 
route to controlling stress-strain behavior, increasing strain-at-break over a hundred-fold, 
controlling sheet effective plasticization, while also allow for control over buckling 
behavior and fracture locale.  This unprecedented control over different aspects of 
bionanocomposite properties will expand the use-cases for these materials for diverse 
mechanical property requirements both on the macroscopic and microscopic scales.   
Engineering stress-strain behavior of materials at the single-molecule or intermolecular 
assembly level often requires serendipitous, experiment-driven studies due to component-
specific interactions.  However, the techniques employed in the study and transformation 
of the graphene-silk material system here can be applied more generally across 
bionanocomposite systems with micro-patterned geometry and chemistry.   
Applications for the work presented here extends beyond the realm of flexible electronics.  
The unusual properties of patterned bionanocomposites are attractive for a host of 
biomedical applications.  Micropatterned voids and partial cuts into planar-fabricated 
bionanocomposites create softness that increase interfacing with various body tissues.  




controlling directional cell growth, and in sensing circuits where electrodes have targeting 
agents with preferential binding for species of interest.  Differential extents of reduction 
GOs also produces anti-biofouling properties in otherwise highly biocompatible GOs.  
Manipulation of layered bionanocomposites at the sub-few micron size scale can also 
produce changes to as stretchable gratings and as coated dyes.   
Finally, the micro-patterns investigated in this work are rudimentary in design (1D 
rectangular cut patterns, interdigitated circuits).  However, advances in physics is still 
producing new insights on how controlled geometry at the micro-scale can induce new 
modes of material deformation; and still discovering new electrode and antenna 
architectures for optimized ion intercalation and EM wave transfer respectively.  Real 
systems may also require compensation from ideal system designs.  Proximity corrections, 
over-correction and under-corrections may be necessary in micro-patterned cuts and 
surface chemistries to enforce desired properties.  In all these cases, the directed processing 
approaches presented here can be modified to adapt to these new discoveries, unlike 
bottom-up approaches that rely upon difficult to predict assembly processes and would 
require a complete rework to realize de novo designs.   
Despite the impressive properties of soft components such as 2D molecular flakes (i.e. 
graphenes), and 1D biopolymers (i.e. silk), it is their combination into layered composites 
(i.e. graphene-silk biopapers) that produce the synergistic strengthening, toughening for 
desirable mechanics in flexible applications—far beyond what corresponding strategies 
can achieve in adding non-rigidity into hard material such as metals (i.e. Au, Cu) and 




bionanocomposites cannot yet match in device performance—only achieving competitive 
properties in niche areas such as high capacitance due to graphene’s high surface area.  We 
expect that further research into the conversion of these soft composite components, or the 
assembly with dispersible active materials to contribute new properties or elevate 
performance in existing uses.  For instance, we introduced the modification of graphene 
oxide and silk components through doping and attachment of pendant groups.  
Additionally, we suggest that integrating high aspect ratio metal nanoparticles can produce 
synergistic light-harnessing effects for high-performance photothermal materials, and 
integrating transition metal oxides to allow for pseudocapacitive contributions to material 
capacitance.   
As the need for flexible, soft, stretchable device components build, we also expect the 
establishment of testing standards that will help drive the exploration of non-rigid device 
components.  New use-cases, testing standards, and advances in analogous technologies 
(i.e. improved photolithography techniques from semiconductor industry, screen printing 
from solar cell industry) will also increase the utilize of the bionanocomposite material 
systems investigated here.  These open opportunities make layered bionanocomposites a 
promising material system for use in the future as both structural materials and as device 
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